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INTRODUCTION 


Although numerous studies of the dynamic mechanical properties of con- 
centrated polymer solutions have been described, very few have extended 
to high enough frequencies or low enough temperatures to encompass the 
transition (as a function of frequency) from soft and rubberlike to glass- 
like consistency (1). Such measurements are reported here for a 50% 
solution (by volume) of polyvinyl acetate in tri-m-cresyl phosphate. The 
same polymer sample has been extensively studied in the undiluted state 
(2), as well as in solution under conditions corresponding to the plateau . 
and terminal regions of the relaxation spectrum (3-5). To correlate the 
latter with the new measurements in the transition region, the steady-flow 
viscosity of the 50% solution in tri-m-cresyl phosphate has also been de- 
termined. 


MarEriAts AND Mrruops 


The polyvinyl acetate was an unfractionated sample of grade AYAX, 
lot 1232, furnished through the kindness of Mr. A. K. Doolittle of Carbide 
and Carbon Chemicals Company. Its properties have been described in the 
preceding paper (2) and elsewhere (3-5). The tri-m-cresyl phosphate was 
practical grade, from the Eastman Kodak Company. The solution (50% 
by volume, calculated 50.5% by weight) was mixed in an arrangement 
designed by Mr. D. J. Plazek; a flask containing a Teflon-covered piece of 
_ magnetized iron imbedded in the mixture was very slowly rotated between 

the poles of a powerful magnet, while warmed to approximately 60°C. 
by an infrared lamp. 

Steady-flow viscosities were measured by the falling-cylinder apparatus 
of Fox and Flory (6) as modified in this laboratory (7). Measurements of 


1 Part XVII of a series on Mechanical Properties of Substances of High Molecular 


Weight. 
2 Union Carbide and Carbon Fellow in Physical Chemistry, 1952-1954. 
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TABLE I 
Steady-Flow Viscosities 

Temp., °C. Log 7 
—0.5 10.14 
7 9.41 

17 8.39 
25 eit 
34 7.02 
41 6.49 


the complex shear compliance (J* = J’ — iJ”) were made with the double 
transducer of Fitzgerald and Ferry (8), as modified by Fitzgerald (9). 


STEADY-FLOow VISCOSITIES 

Logarithms of the steady-flow viscosity at six temperatures are given 
in Table I. These values, plotted against 1/7, where T is the absolute 
temperature, gave a straight line, thus conforming to the relationship 
previously found empirically for undiluted polyisobutylene (6); the slope 
was 1.1 X 10® deg.?, about twice that for polyisobutylene (6, 9). The vis- 
cosity of the solvent at 25°C. was 0.57 poise*; thus the logarithm of the 
relative viscosity of the polymer solution at this temperature was 8.02. 
This fits in reasonably with values at lower concentrations in different 
solvents (10), on the basis that the relative viscosity is approximately a 
function of volume concentration alone. 


Dynamic MEASUREMENTS 


For the transducer measurements, three pairs of disc-shaped samples 
were employed. Samples 42 had dimensions of 114, in. (diameter) by 
1 in. (thickness) and, after compression, a sample coefficient (8) of 67.5 
em. at 25°C. Samples 40, 114 in. by 342 in., had a nominal coefficient of 
20.1, and samples 41, 1}4. in. by 3/6 in., a nominal coefficient of 3.19, 
both at 25°C. 

Check runs following any temperature sequence below 30°C. agreed 
well with initial measurements; but after samples 42 had been taken to 
higher temperatures, check runs at 25°C. gave values of J’ and J” about 
10% lower than the original. Since the J”/J’ ratios were unchanged, this 
deviation was attributed to sag, and the data reported for 35.1°C. and 
40.0°C. may therefore be somewhat less precise than at the other tempera- 
tures. 

The nominal sample coefficients for 40 and 41 were adjusted by empirical 
corrections of +11% and —7.7%, respectively, to bring the values of 
J’ and J” into coincidence with those for samples 42; in the former case 


the deviation was attributed to sag during mounting of the samples, and 
in the latter to bulging. 


’ We are indebted to Mr. Donald M. Stern for this value. 
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Fig. 1. Variation of the real part of the dynamic shear compliance, J’, with fre- 
quency for polyvinyl acetate plasticized by tri-m-cresyl phosphate (50% by volume) 
at eleven temperatures as indicated. 


Sample coefficients at temperatures other than 25°C. were calculated, 
as usual, on the assumption that the sample thickness remained constant. 
The thermal expansion was calculated from measurements of density (p), 
which could be approximated by the equation p = 1.183 — 0.86 x 10-3 
(t — 25), where ¢ is Centigrade temperature. 

Values of J’ and J” at eleven temperatures from —11°C. to 40°C. are 
shown as double logarithmic plots against frequency (from 30 to 4500 
cycles per second) in Figs. 1 and 2. Where data on different samples were 
taken at the same frequencies and temperatures, the values have been 
averaged. Complete numerical data are recorded elsewhere (11). Over this 
range of temperatures and frequencies, J’ varies from 107° to 10-*', 
anid, Boman? to.10 0.2, 

For application of the method of reduced variables, the usual double 
logarithmic plots of J’, and J”, were prepared (2, 9), using 298°K. as 
the reference temperature, with J,, estimated as 1.5 X 107'° cm.?/dyne. 
Values of log a7, the reduction factor expressing the change of all retarda- 
tion times with temperature, obtained from J’, and J”, were in good agree- 
ment; they are listed in Table II. 

Values of J’, and J”, plotted against war (where w is the circular fre- 
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J" IN CM/DYNE (LOGARITHMIC) 
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Fic. 2. Variation of the imaginary part of the dynamic shear compliance, J”, 
with frequency for polyvinyl acetate plasticized by tri-m-cresyl phosphate at eleven 
temperatures as indicated. 


TABLE II 
Reduction Factors 

Temp., °C. Log a7 Temp., °C. Log a7 
—10.8 4.54 20.0 0.42 
—5.8 ORO 20.0) 0.00 
—0.9 2.80 29.9 —0.35 
4.4 2.10 Sy! —0.65 
9.5 1.48 40.0 —0.90 

14.8 0.93 


quency), with double logarithmic scales, are shown in Figs. 3 and 4. Data 
at all temperatures and frequencies superpose to give composite curves 
representing J’ and J” at 25°C. from 10!-4 to 109 sec.. From these 
curves, G’ and G”, the components of the complex rigidity, and 7’, the 
real part of the complex viscosity, have been calculated; they are shown 
in Fig. 5, again using double logarithmic scales, at the standard tempera- 
ture of 25°C. 

The shapes of all these curves are rather similar to those previously given 
for the undiluted polymer (2). However, the loss tangent J”’/J’ = G’ /G', 
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Fig. 3. Real part of the complex compliance reduced to 25°C., plotted logarith- 
mically against reduced frequency. Temperature key same as in Figs. 1 and 2. 
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Fic. 4. Imaginary part of the complex compliance reduced to 25°C., plotted loga- 
rithmically against reduced frequency. Temperature key same as in Figs. 1 and 2. 


in which small differences are more obvious, shows a somewhat broader 
and lower maximum in the plasticized polymer; a similar and more marked 
broadening by diluent is shown also in comparing polystyrene with a 62 % 
solution of the latter in decalin (Fig. 6). 
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Fig. 5. Real and imaginary parts of the complex shear modulus, G’ and G”, and 
the real part of the complex viscosity, 7’, reduced to 25°C., plotted logarithmically 
against reduced frequency. 
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Fia. 6. Loss tangents (J’/J' = G”/G’), plotted logarithmically against reduced 
frequency for (1) polyvinyl acetate, reduced to 75°C., (2) 50% (by volume) solution 
of polyvinyl acetate in tri-m-cresyl phosphate, reduced to 25°C., (3) polystyrene, 


reduced to 125°C., and (4) 62% 


solution (by weight) of polystyrene in decalin, re- 
duced to 25°C. aie 
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TABLE III 
Relaxation and Retardation Distribution Functions Reduced to 25°C. 
Log @p (dyne/cm.?) Log Lp (cm.2/dyne) 

Log rp (sec.) From G’ From G” From J’ From J” 
—9.0 8.61 8.94 = —10.31 
—8.5 8.74 8.93 —10.45 —10.28 
—8.0 8.80 8.91 —10.33 —10.15 
—7.5 8.80 8.89 —10.17 —9.98 
—7.0 8.81 8.78 —9.94 —9.80 
—6.5 8.60 8.65 —9.70 —9.59 
—6.0 8.32 8.44 —9.46 —9.37 
—5.5 7.96 8.06 —9,26 —9.10 
—5.0 7.43 7.50 —8.89 —8.78 
—4.5 6.84 7.05 —8.39 —8.45 
—4.0 6.45 6.64 —7.91 —7.87 
—3.5 6.17 6.26 —7.38 —7.41 
—3.0 5.91 5.97 —6.97 —7.01 
—2.5 5.69 5.67 —6.67 —6.74 
—2.0 5.42 5.46 —6.53 —6.52 
—1.5 5.20 5,27 —6.55 —6.52 


DISTRIBUTION FUNCTIONS 


The relaxation and retardation distribution functions, @, and Ly, re- 
duced to 25°C., have been calculated in the usual manner from our second 
approximation formulas (12), and values are listed in Table III. The values 
from the real and imaginary components of the measurements are in good 
agreement in both cases. The relaxation distribution was also obtained 
from G’ and G” by the method of Schwarz] and Staverman (13); the re- 
sults were very similar, as previously found in a comparison of the two 
methods of calculation for the undiluted polyvinyl acetate (2). 

The distribution functions resemble in shape those for the undiluted 
polymer (2); in particular, near 6 = 10° both relaxation spectra have the 
theoretical slope of —4 on a double logarithmic scale, specified by a 
modification (14) of the Rouse theory (15): 


& = (1/20~/6)(apNo/Mo)(SokT)*7-? 


where a = (r?M,/M Ne ro? is the mean square end-to-end separation 
of the polymer molecule, My and M the molecular weights of monomer 
unit and polymer, respectively, p the density, No Avogadro’s number, 
¢>) the monomeric friction coefficient, and k Boltzmann’s constant. For a 
solution, p is replaced by c, the concentration in g./ml. The effect of plas- 
ticization on the friction coefficient can thus be calculated, if the spectra 
for both undiluted and plasticized systems are reduced to a common tem- 


perature. 
For the undiluted polymer, the mechanical measurements do not ex- 
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Fra. 7. Distribution function of mechanical relaxation times (€,) reduced to unit 
density and unit steady-flow viscosity at 25°C. Solid curve: left of short dashes, poly- 
vinyl acetate in tri-m-cresyl phosphate; right of short dashes, polyvinyl acetate in 
trichloropropane. Dashed curve: polystyrene in decalin. Short dashes indicate no 
experimental measurements in this region. 


tend below 50°C., but the electrical reduction factor br is available at lower 
temperatures, permitting comparison of the two systems at 40°C.; the 
identity of a7 and br at higher temperatures (2) justifies this procedure. 
From the data of the preceding paper (2), A log az for the interval from 
75°C. to 40°C. for the undiluted polymer is 4.85, whereas from Table II 
for the 50% solution it is —0.90 for the interval from 25°C. to 40°C. The 
value of a should be close to that of the polymer in a 0-solvent (16), which 
from the data of Shultz (17) is estimated to be 2.8 A. for polyvinyl ace- 
tate. By interpolating values of 7 for 6/p and &/c = 108, we find log & 
(in dyne sec./em.) at 40°C. to be 2.53 for the undiluted polymer and 
— 4.47 for the 50% solution. Thus the introduction of the diluent dimin- 
ishes the monomeric friction coefficient by a factor of about 107. 

To correlate the transition zone of the relaxation spectrum in Table III 
with the plateau and terminal zones previously studied in concentrated 
solutions (in 1,2,3-trichloropropane), the former must be reduced to a 
reference state of unit viscosity and concentration, using the relations 
®, = ®,/c and r, = 1,c/n, where 7 is the steady-flow viscosity at 25°C. 
The function thus reduced is plotted in Fig. 7; it fits in quite well with 
the plateau (3, 4) and terminal (5) zones, which are also shown. The 
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Fic. 8. Logarithm of reduction factor ar and apparent energy of activation AH, 
plotted against temperature. Key to points: open circles, log ar from dynamic meas - 
urements; solid circles, log ar from steady-flow viscosity; crossed circles, AH,. 


minimum numerical slope of the log-log plot in the plateau region is 0.15; 
as in solutions of other vinyl polymers of similar molecular weight, the 
plateau is not horizontal. The whole composite function is very similar to 
that previously found for concentrated polystyrene solutions (1), shown 
as a dashed curve. These two polymer samples are of closely similar weight- 
average molecular weight (polyvinyl acetate 420,000, polystyrene 370,000) 
and are fairly similar in number-average (140,000 and 197,000, respec- 
tively); the close coincidence of their relaxation spectra when reduced to 
standard reference states is further support for the view that the mechan- 
ical behavior of such polymers depends almost entirely on the backbone 
structure and not on the nature of the side chains. 


TEMPERATURE DEPENDENCE OF MECHANICAL PROPERTIES 


According to the method of reduced variables, the reduction factor ar 
should be obtainable not only from empirical shifts of the dynamic data 
but also from the temperature dependence of y;a@7 = nT7'o¢o/noT'c, where 
n and c refer to the temperature of measurement and m and cy to the refer- 
ence temperature (here 25°C.). Values of a7 from both sources are plotted 
in Fig. 8; they agree quite well, although those from viscosity change 
somewhat less rapidly with temperature. 

The apparent activation energy for relaxation processes, AH, = Rdlnar/ 
d(1/T), is also plotted in Fig. 8, and shows the usual rapid increase with 
decreasing temperature. Interrelation of such curves for different polymer 
systems will be discussed in a future communication. 
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SUMMARY 


The real and imaginary components of the complex compliance have 
been measured between 30 and 4500 cycles per second in the temperature 
range —11°C. to 40°C. for a 50% (by volume) solution of polyvinyl acetate 
in tri-m-cresyl phosphate. Results at all temperatures and frequencies 
superpose by the method of reduced variables to give the components at 
25°C. over 7.5 decades of frequency, corresponding to the transition from 
rubberlike to glasslike consistency at this temperature. Values of the 
steady-flow viscosity have been measured between 0° and 41°C. and found 
to give nearly the same temperature reduction factors as found empirically 
from the dynamic measurements. Relaxation and retardation distribution 
functions have been calculated. By reducing these data to a common tem- 
perature for both plasticized and undiluted polymer, it is concluded that 
the presence of 50% diluent reduces the monomeric friction coefficient by 
a factor of 10’. By reducing the data to a hypothetical reference state of 
unit density and unit steady-flow viscosity and combining them with 
previous data on solutions of the same polymer in 1 ,2,3-trichloropropane, 
the distribution function of mechanical relaxation times can be obtained 
at 25°C. over 13.5 decades of time. The distribution function is found to 
be similar in shape and location on the time scale to that obtained for 
polystyrene in decalin previously studied in this laboratory. 
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ABSTRACT 


This article describes the design and operation of an extremely sensitive instru- 
ment for automatic measurement of light scattered from aerosols and gas molecules. 
The lower limit of measurement with aerosols is determined by the scattering from the 
air molecules in which the particles are dispersed. The scattered light and a suitably 
attenuated portion of the direct light fall successively upon a photomultiplier tube, 
the anode current of which passes through a high resistor to give an JR drop which is 
measured in a comparison voltmeter. The high-voltage supply of the photomultiplier 
is adjusted to give a constant JR drop with the attenuated direct light on the photo- 
multiplier, so as to compensate for changes in the photomultiplier sensitivity and 
largely offset changes in the lamp brightness. If the scattering due to the air is 
maintained constant, the lower limit of measurement can be reduced to the back- 
ground noise, which is about 1.5% of the air scattering. This corresponds to the light 
scattered by a sample containing about 3 X 107! g./l. of a dioctyl phthalate aerosol 
of 0.3u diameter. 

Since the instrument is sensitive to the molecular scattering due to gases, they may 
provide a convenient scattering standard for aerosol measurements, which can then 
be expressed as the ratio of the light scattering of the aerosol to that of the standard 
gas. Since gases vary widely in their light-scattering ability, such measurements also 
would find application in gas analysis. 


INTRODUCTION 


Several years ago the senior author, Hugh B. Pickard, and Chester T. 
O’Konski described a photoelectric instrument for comparing the concen- 
trations of very dilute aerosols (1), sensitive to 10-* g./l. of dioctyl phthalate 
smoke of 0.3 » diameter. Since that time, the photomultiplier tube has 
proved superior to the vacuum phototube in the measurement of ex- 
tremely Jow light levels, and the present work was undertaken in order 
to develop an instrument of improved sensitivity, suitable for measuring 
and controlling the concentration of dilute aerosols. The availability of 
improved photomultiplier tubes and their use at low current levels enabled 


1 Present address: Mellon Institute, Pittsburgh 13, Pennsylvania. 
12 
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REFERENCE 
REFERENCE §j PHOTOMULTIPLIER VOLTAGE 
LIGHT 
SHUTTER RECORDER 
| 
SCATTERED Pi 4 6 
LIGHT SENSITIVITY 
1 ADJUSTMENT, 


Fie. 1. Block diagram of instrumental operation. 


us to achieve this objective through a fairly simple resistance-matching 
circuit connected to a standard industrial recording controller. The re- 
sulting apparatus is considerably more sensitive than the previous instru- 
ment and is suitable for continuous automatic measurement as well as 
control. It responds to the light scattered by gases as well as by aerosol 
particles, and the former may serve as convenient scattering standards 
for aerosol measurement 


APPARATUS 


Figure 1 shows a block diagram of the instrument. It operates on the 
principle of comparing light scattered from the aerosol with reference light 
which is an attenuated portion of the beam illuminating the aerosol. The 
two light beams fall successively upon the photomultiplier tube. Its anode 
current, passing through a suitable high resistor, produces an JR drop 
which is balanced against a reference voltage by means of a comparison 
voltmeter. This comparison of scattered and reference light, if made fre- 
quently enough, compensates for any change in the sensitivity of the photo- 
multiplier tube and amplifier system, and largely compensates for small 
changes in the brightness of the lamp. 

In the apparatus, the two light beams are focused alternately on the same 
portion of the photomultiplier cathode. In the standardizing part of the 
cycle, the shutter and switches are both in the down position shown, the 
reference light falls on the photomultiplier tube, its output is connected 
to the comparison voltmeter through a suitable anode resistor, and the 
amplifier output is connected to a motor which controls the sensitivity ad- 
justment. The standardizing process consists in matching the reference 
voltage, 6 v. in this instrument, with that developed by the photomultiplier 
current passing through the anode resistor. Any difference in voltage ap- 
pears at the output of the comparison voltmeter and passes through the 
amplifier to a reversible motor connected to the sensitivity adjustment, 
a rheostat which controls the high voltage supplied to the photomultiplier 
tube. The balancing takes place in 2 seconds, after which the cycle-control 
motor (not shown) automatically turns the shutter to allow the scattered 
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Fria. 2. Smoke cell and optical system of photometer. 


light to fall upon the photomultiplier tube for 58 seconds. At the same time 
relays (also not shown) switch the photomultiplier to the upper input con- 
nection of the comparison voltmeter, and the amplifier output to the 
recorder-controller. This either records the voltage unbalance due to the 
scattered light or operates a controller to change the mass concentration 
of the aerosol generator and thus reduce this unbalance to zero. 


OpTicaAL AND MECHANICAL SYSTEM 


Figure 2 shows the optical and mechanical system. The dark-field il- 
lumination is similar to that devised in 1941 by Victor K. La Mer, David 
Sinclair, and 8S. Hochberg (2), and used by the senior author, Chester T. 
O’Konski, Hugh B. Pickard, and James N. Pitts, Jr., in their photoelec- 
tronic counter for colloidal particles (8, 4). The light source A is a 50 ep. 
automobile headlight. The pair of aspheric condenser lenses L L, each with 
a focal length of about 5.7 em. and a diameter of 6.35 cm., brings the light 
to a focus at the diaphragm D in cell C. The glass plate B has a central disc 
of black paper on each side which throws a conical shadow slightly larger 
than the viewing lens FE. This lens collects the light scattered between 
about 15° and 30° of the forward direction from a small volume inthe aper- 
ture of D, and brings it to a focus in the plane of the stop at the right end 
of the tube contaning H.2 When the shutter S is in the position shown, the 
light passes through a piece of plane glass G and falls on the photomulti- 
plier P, mounted in a box containing also the amplifier tube 7 and its as- 
sociated circuits. 


A small fraction of the direct light passes through the glass window H 


> Since this work was done, a superior dark-field illuminating system has been 
described by Frank T. Gucker, Jr., and Donald G. Rose (5), in which the dark stop 
is placed in front of the first condensing lens and its image focused in the plane of 
the collecting lens #. The size of this image may be brought so close to that of the 
entrance pupil of # that light can be collected within 1° of the forward angle. 
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and filters F’. If the shutter S is moved up from the position shown, the 
scattered light is cut off and the reference light is reflected from the mirror 
I and falls upon G, where a small percentage of it is reflected onto the same 
part of the cathode of the photomultiplier P struck by the scattered light. 
The proper optical attenuation of the direct light is obtained with the two 
neutral filters F which can be slid into the beam to give attenuation factors 
of approximately 10, 100, and 1000, and two polarizing discs J, one of which 
can be rotated over a graduated scale for continuous interpolation. 

The combination of tungsten lamp and 1P21 photomultiplier tube with 
an 8-4 photosurface gives a bell-shaped spectral response curve lying be- 
tween 3000 and 7000 A, and having a maximum at 5100 A. 


Electronic System 


This system was designed to overcome instabilities associated with the 
photomultiplier tube, its high-voltage supply, the lamp and its voltage 
supply, and the amplifier. Since the errors associated with some of these 
components can be very high if uncompensated, the design of the circuit 
was based on a detailed study of the different components, and we will 
describe briefly some of their characteristics which are of general importance 
in connection with this and other similar circuits. 

Photomultiplier. This tube can deliver up to 1000 ya., but an output of 
20 wa. may fall off as much as 30% per hour owing to aging. Our experience 
with five selected 931A tubes and two 1P21 tubes showed that stability 
of the order of 0.1% per hour is possible with an anode current of 0.1 ya. 
or less. Since the characteristics of these tubes vary widely, each one should 
be checked before it is incorporated into the circuit. The dark current 
should not exceed a few thousandths of a microampere, and the sensitivity 
should be comparable with that of other good tubes. 

High-Voltage Supply. Since the photomultiplier output varies approx- 
imately as the fifth power of the voltage applied to the tube, a well-regulated 
voltage supply is essential. Most high-voltage supplies depend upon gaseous 
voltage-regulator tubes. We have found that these tubes may hold the 
voltage constant to 0.01% for a period of hours; more frequently they are 
responsible for erratic jumps of several tenths of a per cent, and they change 
as much as 1% during a 1-hour warm-up period. While selected tubes will 
give better performance, high-voltage dry batteries supplying very low 
currents are preferable as reference elements. These also must be selected, 
since some are erratic, but in general they fluctuate less than the voltage- 
regulator tubes. Many batteries have been found to give a voltage constant 
to within 0.001 % or less per hour at constant temperature, with a noise 
level less than one part in 10’, as measured with this apparatus under 
suitable conditions. High-voltage batteries should be chosen to have a 
noise level of less than 10 p.p.m. Small mercury batteries have given ex- 


cellent results. 
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Fic. 3. Electronic circuit of comparison voltmeter. 


Lamp Voltage Supply. The 50-cp. automobile headlight requires 6 amp. 
at 6 v. When connected to a 100-amp.-hr. storage battery, the voltage of 
which decreased 0.5% per hour, the light of the lamp decreased 2.5% per 
hour. In general, the light intensity changes five times as much as the 
voltage applied to the lamp. The peak-to-peak noise level of the battery 
voltage was 0.01%, and that of the lamp was 0.05%. When the lamp was 
operated from a rectifier connected through a stepdown transformer to a 
Sorensen Model 2000 A.C. (electronic) Voltage Regulator, its voltage 
drifted less than 0.1% over a period of a week, with a peak-to-peak voltage 
noise level of 0.05%. This noise probably could be reduced considerably by 
“floating” a battery in parallel with the rectifier, to act as a filter. 

Comparison Voltmeter. The d.-c. circuit shown in Fig. 3 proved to be one 
of the most stable portions of the system, with a peak-to-peak noise level of 
less than 0.001 %, measured with a 1-second full-scale response time, and 
a drift normally less than 0.002% per hour with full battery operation. 
All resistances were wire-wound, except for the 1-megohm carbon voltage 
divider P;. The heaters were grounded, although this is not shown in Fig. 
3, since the location of the ground connection is not critical. The use of 
regulated a. c. on the heaters increased the peak-to-peak noise level to 
0.005% but did not affect the drift. The twin-triode tube was shock- 
mounted. The 5692, a mechanically strengthened version of the 6SN7, was 
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found preferable because the latter occasionally gave erratic changes 
amounting to several millivolts input. For these tubes, the input impedance 
of grid G, was between 10,000 and 1,000,000 megohms over a range from 
0 to6 v. A plot of output vs. input voltage deviated only 0.6 % from linearity 
over the same range. The grid current usually was less than 10-!° amp. 

The circuit of the comparison voltmeter functions as a differential cathode 
follower. The advantage of this circuit as an impedance-matching device 
for adapting high-resistance circuits to low-resistance recorders has been 
discussed elsewhere (6). Any difference in the voltage of grids G, and G2 
causes a corresponding difference in voltage between the cathodes C, and 
Cz. The potentiometer P; connected to G2 serves to adjust the zero of the 
amplifier and to compensate for the dark current of the photomultiplier 
tube PM. The switch SW1 primarily serves to vary the resistance in the 
photomultiplier anode circuit. SW2, in the up position shown, selects a 
5-megohm anode resistor during the standardization and, in the down posi- 
tion, any resistor chosen by SW1 during the operating cycle. Potentiometer 
P, provides a bucking voltage from B; to compensate for stray light. Po- 
tentiometer P2 is a ten-turn Helipot used to vary the bias from By, applied 
to G2 for scale (or zero) suppression. A reduction in the grid bias on G2 can 
be made to compensate for most of the voltage developed in the anode 
resistor by the photocurrent, and allows the output recorder to be used 
as a partial deflection instrument with a much higher sensitivity than would 
be possible if the whole photocurrent voltage were read on the scale. For 
example, if a 4.5-v. signal is measured on the recorder alone, the latter 
might be adjusted to give full-scale deflection for 5 v. If P2 is adjusted to 
reduce the grid bias on G2 by 4.00 v., the difference in potential at the re- 
corder input will be reduced correspondingly and the recorder sensitivity 
may be increased to 1 v. full scale. It will read 0.5 full scale for 4.5 v., with 
a sensitivity five times that of the first arrangement. 

Normally the recorder is connected between contacts B and C, and its 
sensitivity is adjusted by changing the resistor 2. For highest sensitivity, 
SW3 is opened and the recorder is operated between A and C. 

Recorder and Standardizing Circuit. Both of these functions were per- 
formed by a Brown Electronik Potentiometer Pyrometer Circular Chart 
Recorder modified as shown in Fig. 4. Connections were made to the four 
right-hand terminals of the strip beneath the slide wire so that SW5 could 
switch the amplifier output from the recorder-balancing motor M, to a 
similar sensitivity-adjusting motor M,; during the 2-second standardizing 
period. The terminal connections are designated W, Y, R, G, for the white, 
yellow, red, and green color-coded wires. A synchronous motor, not shown 
in the diagram, cycled SW4 (the left-hand section of which is shown in 
Fig. 3), SW5, and SW2 (Fig. 3) with the beam shutter attached to it. All 
of these are in the standardizing position in these diagrams. During this 
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Fia. 4. Switching connections for recorder and sensitivity adjusting motor. 


portion of the cycle, the left-hand pole of SW4 disconnects P2 and grounds 
D, while the right-hand pole of SW4 disconnects the recorder slide wire 
and connects A or B direct to the amplifier which drives M2. This motor, 
as shown in Fig. 1, is connected to the sensitivity adjustment, a variable 
resistance R, (Fig. 3) in series with the photomultiplier power supply. 


Operation of the Instrument 


The zero adjustment in the amplifier is made by putting SW1 (Fig. 3) 
in position 5, with SW2 and SW4 each in the down position, and setting 
P, at 9 (z.e., with the slider at the junction with P,), and adjusting P3 to 
give zero output to the recorder, reversing the polarity of the 1.5-v. battery 
if necessary. Next the cycling motor is turned manually to the standardiz- 
ing position, which connects the photomultiplier anode to the 5-megohm 
resistor, grounds G, except for the small bucking potential, and throws the 
reference beam on the photomultiplier. The amplifier then drives the sensi- 
tivity-adjusting motor, which varies the high-voltage supply to the photo- 
multiplier tube until the voltage drop of the anode current across the 5- 
megohm resistor brings the potential of grid G, to that of G2. The cycling 
motor is then turned manually to the operating position and the aerosol 
is introduced into the cell. With the scattered light on the photomultiplier 
tube, P: is varied and the recorder sensitivity is adjusted until a suitable 
deflection is produced on the recorder. If the aerosol is dilute and the scat- 
tered light is small, SW1 may be turned from position 2 to 3 or 4, where the 
sensitivity of the instrument is increased by factors of 10 and 100, respec- 
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tively. In these positions the stray light may be important in comparison 
with the scattered light and must be compensated. This is done by sweep- 
ing the aerosol out of the cell with filtered air and adjusting P,; until the 
voltage drop due to the stray light current is matched and the recorder 
reads 0 on the scale on which it will be used.* When these adjustments have 
been completed, the cycling motor is started, the aerosol is passed through 
the cell, and the system automatically standardizes itself and records or 
controls aerosol light scattering. 


EXPERIMENTAL RESULTS 


A careful study of the performance of the instrument was made to de- 
termine its reliability. Since it was found sensitive to the light scattered by 
filtered air at room temperature and pressure, we also briefly studied molec- 
ular light scattering from several gases in order to investigate the pos- 
sibility of using them as standards, thus avoiding the difficulties of gener- 
ating and analyzing standard aerosols. These experimental results are 
summarized below. 


Photometer Performance 


The measurements in the next few paragraphs are given in terms of the 
background light of the instrument with air in the cell. The background 
light is the sum of the stray light (scattered by the solid parts of the cell) 
and the light scattered by the gas in the cell. The fluctuations (noise) as- 
sociated with this background light set the lower limit of photometric 
measurement. In our apparatus, the stray light was about 30 times that 
scattered by air in the cell, and considerable increase in sensitivity could 
be obtained by reducing it to, or below, the light scattered by air. The 
limiting factors in measuring larger amounts of light are lamp stability 
and eventually the photomultiplier, if its anode current exceeds about 
0.1 ya. 

Noise Level. This was about 0.05% (of background) peak-to-peak when 
the lamp was supplied from a lead-acid automobile storage battery. This 
noise was measured with a recorder taking 25 seconds for full-scale travel, 
expanding the scale so that a 5% light change caused full-scale travel. 
When the lamp was operated on rectified a. c. from a step-down transformer 
connected to a Sorensen Model 2000 A.C. (electronic) Voltage Regulator, 
the noise level rose to about 0.25 % peak to peak. 

Microphonics. These effects were less than the noise level (0.05% peak 
to peak) when the instrument was mounted on a light table. 


31f the adjustment is made with SW1 on 4, automatic compensation could be 
achieved also in positions 3 and 2 by adding a voltage-dividing circuit like that in 
our earlier penetrometer (1), to reduce the compensating voltage by factors of 10 


and 100, respectively. 


20 F. T. GUCKER, JR., AND A. H. PETERSON 


Lamp Stability. This is the limiting factor in most measurements with 
the present system. When the lamp was operated at 6 amp. from a 100- 
amp.-hr. storage battery, the response decreased about 2.5% per hour 
without automatic standardization. This change is reduced but not com- 
pletely eliminated by standardization against the reference beam. Thus a 
10% change in lamp voltage causes a 1% change in reading with am- 
monium chloride smoke and a 3% change with cigaret smoke, when 
measured against ethyl chloride as a standard. This may be due to the 
color change of the filament with voltage and to the fact that the two optical 
paths are different, with one involving direct transmission and the other 
scattering, which varies with the wavelength of the light. The effect prob- 
ably could be corrected by using a filter to restrict the measurement to a 
narrow band of light, and this point would require further study before 
using gases as accurate absolute standards. 

Temperature Effects. These were not accurately measured, but we estimate 
a change of about 0.5% per °C. for the stray light. No data are available 
for the case where automatic standardization was used. 

Contamination by Sample. This was tested on three occasions by drawing 
room air through the instrument at the rate of several liters per minute 
for 12 hours, causing a change of less than 1%. 

Sensitivity of Photometer for Aerosols. A dioctyl phthalate aerosol con- 
taining 0.05 ug./l. of 0.3 » diameter was found to scatter an amount of 
light equal to the background. The sensitivity of the instrument, as de- 
termined by its peak-to-peak noise level, therefore corresponds to 0.05 X 
0.0005 = 0.00003 ug., or 3 X 10-" g./l. of this aerosol. 


Molecular Light Scattering 


We made measurements with helium, air, carbon dioxide, methyl bro- 
mide, and ethyl chloride in the cell. Our results with the first three gases 
were reproducible when they were obtained from various sources, filtered 
free of suspended matter in a number of different ways, and put through 
the cell at widely different flow rates. In general, the scatter on the re- 
corder chart was close to the noise level of the measurement of air scatter- 
ing, which is about 1.5 %. However, methyl bromide and ethyl chloride were 
much less satisfactory, since the scattered light increased in an erratic way 
after they had stood in the cell for a few minutes, possibly because of the 


formation of a fog with these materials, which boil only slightly below 
room temperature. 


Our initial readings corresponded to the light scattered by the gas plus 


the considerably larger stray light scattered by the stops and other solid 
parts of the cell. The latter can be measured most directly after evacuating 
the cell, provided the whole system is vacuum-tight and the stray light is 
independent of changes in pressure which might distort the cell. The stray 
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TABLE I 


Light Scattering of Gases Relative to Air 


(n — 1)2 Observed scattering 
Gas 106(” — 1) (ma — 1)2 This work (15°-30°) Literature (90°) 
He 35 0.014 — — 
Air 293 1.000 : 1.0 1.0 
CO: 449 2.35 2.4 2.6 
CH;3Br 964 10.8 13 — 
C.H;Cl 1179 16.2 17 16 


light also can be determined from measurements with the cell filled suc- 
cessively by two different gases of known and widely different scattering 
powers. As a first approximation, we may calculate the scattering of any 
gas relative to air at the same molecular concentration from the simple 
Rayleigh law for isotropic molecules (neglecting depolarization): 


Ime a 
IEG (Me — 1) 


where J and J, are the scattering intensities of the gas and air, respectively, 
and n and n, are the corresponding indices of refraction. In the second and 
third columns of Table I we have collected some refractive indices for gases 
at S.T.P. illuminated by green light of about 5100 A. (7) and listed the 
corresponding relative scattering values calculated from the Rayleigh 
equation. The 1.4% calculated relative scattering for helium is less than 
the 1.5% noise level and therefore should be negligible in our apparatus, 
and we corrected all our results for stray light by subtracting the scattering 
observed with helium from that with the other gas in the cell. The results 
were divided by that for air to give the ratios listed in the fourth column 
of Table I. The agreement with Rayleigh’s equation in the case of the 
other gases justifies our conclusions about helium. Our results also agree 
satisfactorily with those collected from the literature by 8. Bhagavantam 
(8) and listed in the last column of Table I, although the earlier workers 
measured transverse instead of forward scattering and frequently used the 
sun as a source of light, with photographic or visual methods of comparing 
intensities, instead of a tungsten source with a receiver having an 8-4 


photosurface. 
Standardization with Gases 


Asa result of our experiments with molecular light scattering from gases, 
we recommend standardization of the instrument by measurements at 
atmospheric pressure with helium or air, together with carbon dioxide gas, 
which is readily available in pure form compressed in cylinders, evaporated 
from dry ice, or made by the interaction of acids with carbonates and dried 
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before use. The standard would then be the scattering from carbon dioxide 
at a molecular concentration corresponding to §.T.P. To illustrate the 
method of standardization, we may consider the following example: 

The electronic circuits of the instrument were turned on and allowed to 
warm up. With the lamp off, the Helipot P» (Fig. 3) was set at zero, and 
the recorder balanced to zero by adjusting P; to compensate for the photo- 
multiplier dark current, about 2% of the stray light current. The cell then 
was filled with filtered air at 24°C. and 740 mm. Hg, the lamp turned on, 
and P; adjusted to a reading of 73.5 H (Helipot divisions) to balance the 
recorder. This reading corresponds to the stray light plus air scattering. 
Next carbon dioxide gas (obtained from dry ice) was introduced at 24°C. 
and 740 mm. Hg. With the Helipot fixed, the recorder deflections were 32.5, 
31.1, 31.8, 32.0, 32.0, averaging 31.9 R (recorder divisions). Since we had 
found 1 R = 0.0909 H; this corresponded to 2.90 H for the difference be- 
tween the scattering due to CO, and air under the same conditions. The 
scattering of CO, had been found to be 2.4 relative to air (Table I); there- 
fore we can write: 


Sco, oa aie ae Sco. Ta Sco,/2.4 = 2.90 H 


Hence the scattering due to CO2 under the experimental conditions is 
2.90 X (2.4/1.4) = 4.97 H, and that at S.T.P. is 4.97 X (760/740) X 
(299/273) = 5.59 H. Finally a test aerosol was run into the cell and P, 
was turned to 864.0 to balance the recorder. The scattering due to the 
aerosol therefore was 864.0 — 73.5 = 790.5 H, or 790.5/5.59 = 141 rela- 
tive to carbon dioxide. 

A convenient secondary standard for aerosol measurements is the back- 
ground scattering (stray light plus air scattering). In this case, the aerosol 
scattering is 790.5/73.5 = 10.76 relative to background scattering. The 
instrument could be used safely for some time, without restandardization 
with helium and carbon dioxide, by adjusting the photomultiplier gain to 
give a background scattering of 73.5 H when the cell is filled with air at 
the same molecular concentration. 

These measurements illustrate the use of the photometer as a partial- 
deflection instrument for small changes over a total range of 80 recorder 


divisions (equivalent to 7.2 H), or as a null instrument for larger changes, 
over a total range of 1000 H. 
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ABSTRACT 


Particle size distribution, often suggested as a factor influencing the viscosity of 
suspensions, is considered quantitatively. By an analysis of previously reported 
data, the viscosity of suspensions of spheres from the lowest to the highest concentra- 
tion is shown to be described in terms of the viscosity of the pure liquid, the volume 
fraction of solids, the packed sediment volume of solids, and the geometric standard 
deviation for the solids. 


INTRODUCTION 


In 1906 Hinstein showed that, as the concentration of solid particles 
approaches zero, the viscosity of a suspension of spherical particles is 
described by 


Na De, [1] 
N0 
where 7 is the suspension viscosity, 7 the viscosity of the pure liquid, and 
c the volume fraction particles. 
Numerous relations for concentrated suspensions have been suggested. 
For example, Hess (1), assuming a simple arrangement for the particles in 
a fluid flowing in a capillary, arrived at 


= Te, [2] 
where / is a constant numerically greater than one. Robinson (2, 3), for 


glass spheres in a variety of liquids, proposed 


2 so igbe 
No 1—©@ 


, [3] 


where cp is the volume of the sediment obtainable from unit volume of sus- 
pension, and b is a constant tentatively described as a frictional coefficient. 
The term c sets the upper limiting value, the condition at which sufficient 
numbers of particles are in contact with other particles for the apparent 
suspension viscosity to approach infinity. 
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Examination of the experimental data available indicates that the rela- 
tive viscosity of suspensions of spheres increases exponentially with suspen- 
sion concentration. Experimental values (4, 5) for the Einstein constant 
have been found to vary between 1.5 and 35. These observations suggest 
that an equation might be written 


UP Se 4 
q 


= ac [4] 


where a and k are functions which depend on suspension properties. 
The constants of Eq. [4] may be evaluated if the equation is put in the 
form 


log (1 = = = loga+ k log «. [5] 


The slope and intercept when c = 1 of the experimental straight line re- 
sulting when the left side of the equation is plotted against log ¢ are equal 
to the values of the constants k and log a, respectively. 

The physical significance of a and k may now be discussed. Particle size 
need not be considered. Reiner (6) and others have shown that particle 
size of itself cannot affect suspension viscosity. However, Kruyt (7) and 
Hermans (8) have pointed out that size distribution is definitely involved. 
Robinson (2, 3), as mentioned above, suggested the use of a limiting con- 
centration. Orr (9) and Orr and DallaValle (10) used this limiting concen- 


tration and in addition used the term 1 — © raised to an empirical power 


0 
to describe the viscosities of certain suspensions. Blocker (11) showed that 
this power was related to the size distribution of the powders composing 
the suspensions. Thus it is suggested that a is related to c) and k to the 
geometric standard deviation, o,, a measure of size distribution. 


Data 


Values of co and o, are given as such in the technical literature by few 
investigators of suspension viscosity. Reasonably satisfactory values may 
sometimes be estimated from the information which is given, however. 
In the case of co estimation may be made from the packed sediment volume, 
the centrifuged sediment volume, or from the limit which experimental 
viscosity data indicated. In the case of o,, estimation may be made from 
the limits of particle size, if these data are included. 

The viscosity data given by Eilers (12), Robinson (2, 3), Ward and 
Whitmore (4), and Blocker (11) were found to be sufficient for the analysis 
herein proposed. Representative data plotted in accordance with Eq. [5] 
are presented in Fig. 1. It may be observed that, in general, rather straight 
lines are obtained. The slopes and intercepts are thus easily established 
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® Glass Spheres in Water (II) 

© Glass Spheres in Lead lodide Solution (2) 

© Methacrylate Spheres in Lead Nitrate and 
Glycerol Solution (4) 


Fia. 1. Plot of the experimental data of several investigators. 


and a and k are readily evaluated. It was observed that the values ob- 
tained for a and k were approximately equal to the reciprocals of co and 
oy, respectively. 


RESULTS 


Table I presents data in a form suitable for comparing cy with 1/a and 
1/o, with k. The limiting volume fraction, co, as indicated by several 
methods of evaluation, is included. When a plot of apparent viscosity 
versus solids concentration was not given in the original source of the data, 
such a plot was constructed in order to estimate the limiting concentration. 
When particle size distribution was not specifically stated, o, was estimated 
by assuming 2% of the particles to be smaller than the smallest size indi- 
cated and 2% larger than the largest size indicated. These values were then 
plotted on log-probability paper and o, was determined as the 84.13% 
size divided by the 50% size, as explained by DallaValle (13). 

Examination of the results in the table indicates that k is indeed closely 
related to 1/c, and that 1/a is related to co. The correct value for c) seems 
to lie generally between those indicated by sedimentation and by centrifuga- 
tion. This result is not surprising; the sedimentation value would be ex- 
pected to represent a minimum value and the centrifugation value a 
maximum. 

From the evidence presented herein it appears that the viscosity of sus- 
pensions of spheres from the lowest to the highest concentration can be 


described by a relatively simple equation the individual terms of which 
have a distinct physical significance. 
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ABSTRACT 


One of the most important factors underlying the rheological properties of printing 
inks is the interaction between the pigment and the vehicle. The complicated formu- 
lations of most inks, however, make it difficult to make a detailed study of this factor, 
and very little attention has been given it in the past. For this reason a simple 
system of calcium carbonate in polybutene oil was chosen for the study reported here. 
With this system, quantitative information on the nature of the pigment-vehicle 
interaction has been obtained. An understanding of simple systems, such as this one, 
is essential before we can hope to understand the much more complicated systems 
present in commercial printing inks. 

The particle size of the pigment has been found to have a marked effect on the 
viscosity: 7.e., the smaller the particle size, the greater the viscosity at a given load- 
ing. This effect has been explained on the basis that there is a shell of immobilized 
vehicle on the surface of each pigment particle and in the narrow portions of the 
interstices of agglomerates. This immobilized vehicle increases the effective pigment 
volume to an extent proportional to the amount of pigment surface present. This 
increase of effective pigment volume can be treated quantitatively so that data on 
similar pigments of different particle size can be correlated. 

Particle-size distribution in the range of 0.1 to 0.4 u has no effect on the viscosity. 
The addition of a surface-active agent, 7.e., stearic acid, has been found to reduce the 
viscosity by localizing the pigment-vehicle interaction and thus decreasing the 
thickness of the shell of adsorbed vehicle. 

These results add to our understanding of the many factors which contribute to 
the rheological properites of printing inks and which, in turn, control their printing 


properties. 
INTRODUCTION 


The seat of the complex rheological properties of printing inks is the 
interface between pigment and vehicle. Pigment surfaces in general are 
characterized by residual valence forces which result in interactions with 
the vehicle. This interaction in printing inks is complex, because the sur- 
face of the pigment is usually heterogeneous and because the vehicle is 


1 Presented as paper No. 22 before the Division of Paint, Varnish and Plastics Chem- 
istry, A.C.S., at the Milwaukee Meeting, April 1, 1952. 
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almost always a mixture of many compounds. Another factor which com- 
plicates printing ink rheology is the variation in particle size together with 
the wide particle-size distribution which most pigments possess. A third 
factor which assumes more prominence in some systems than in others 
is the interaction among particles leading to agglomeration. All of these 
factors have a significant influence on the nature of the flow curve (the 
stress versus rate of shear curve), which is the most commonly employed 
representation of rheological data. Whether the behavior of inks during 
printing can be depicted completely by flow curves is still in question; 
however, the fundamental knowledge of adsorbed films, agglomeration, 
and other disturbances introduced by pigmentation has been useful in 
explaining some of the technological phenomena. 

The work reported here was designed to single out some of the more 
complicated variables so that they could be dealt with in turn to increase 
our understanding of the behavior of printing inks. More specifically it 
was aimed at the clarification of the effect of pigment particle size, with 
other conditions kept constant and as simple as possible. Later the effect 
of a simple vehicle additive was also studied. For this simplified approach, 
dispersions of calcium carbonate in polybutene oil were chosen. 

The four calcium carbonate pigments employed in this work were spe- 
cially prepared by repeated fractionation of the same precipitated batch 
so that four fractions varying only in average particle size were obtained; 
therefore, the only difference between the samples was particle size. Poly- 
butene oil: was chosen as the vehicle because it represents the simplest 
fluid with which printing ink consistencies could be obtained. This vehicle 
is a hydrocarbon possessing no functional groups such as acid or hydroxyl 
groups. 

Much work has been reported in the literature heretofore on the vis- 
cosity of suspensions. Although many theoretical and empirical equations 
have been developed for the viscosity of suspensions, Einstein’s simple 
equation (1) for dilute suspensions of spherical particles remains the most 
basic one. This equation merely states that the specific viscosity 7,» is 
proportional to the pigment loading expressed as the volume fraction V. 


Nsp = KV {1] 


where: 7¢p is the specific viscosity of the suspension, 

K is a proportionality constant theoretically equal to 2.5 for 

spherical particles, and 

V is the pigment concentration expressed as volume fraction. 
This equation has been found to apply well to several systems, but only 
at very low particle concentrations (2-5). It has been extensively modified 
in an attempt to extend its application to higher concentrations (6-12). 
The usual approach in such attempts has been to add terms containing 
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higher powers of V; another approach which has been taken is to make 
use of an exponential relation such as was done first by Arrhenius (13): 


nr = (exp)ke [2] 


where: 7, is the relative viscosity of the suspension, 

k is a constant, and 

c is the concentration in grams per milliliter of vehicle. 
Modifications of this equation have also been suggested (14-16). 

None of these equations is entirely successful. Whereas a given equation 
may apply to one system, it often fails when tried with another. Particle 
size and particle-size distribution have not often been considered, and, 
furthermore, the vehicle used was often water or a complex mixture. At 
any rate, none of the equations in the literature fits the data obtained here 
for the calcium carbonate-polybutene system. 

Mention has been made qualitatively in the literature by Hatschek (17) 
and by others (18-20) of the possibility that pigment-vehicle interaction 
produces an adsorbed shell which increases the effective volume of the 
pigment. This concept has been applied quantitatively in this study, and 
has been developed along lines amenable to other concepts of immobiliza- 
tion resulting from extremely fine division of particles as long as pigment 
area is the controlling factor. 


EXPERIMENTAL 


In most of the reported work on the viscosity-concentration relationship 
of suspensions, the systems were so complex as to render difficult any analy- 
sis of the effect of a particular variable such as particle size. In the present 
investigation, both the pigment and the vehicle were as simple and basic 
as possible. 


Vehicle 


The vehicle chosen was Polybutene No. 12, manufactured by the Oro- 
nite Chemical Company. The two batches of this vehicle used had vis- 
cosities of about 11 poises at 30°C., and thus printing ink consistencies 
could be obtained. It consisted of a mixture of homologous branched-chain 
hydrocarbons with an average molecular weight of 530 and a density of 
0.87 g./ml. The molecules were essentially linear hydrocarbons with short 
methyl and ethyl side chains. Therefore, there were no functional groups 
present in the vehicle which might have exerted some complex effect on 
the viscosity of the suspensions. 


Pigments 


For the study of the effect of particle size and size distribution on the 
viscosity of the suspensions, a series of four closely fractionated calcium 


32 A. C. ZETTLEMOYER AND G. W. LOWER 


TABLE I 
Characteristics of Calcium Carbonate Fractions 
Fraction Surface area, m.2/g. Mean particle diameter d, microns 
A 16.2 0.13 + 0.08 
B 12.2 0.18 + 0.09 
C 8.9 0.23 + 0.10 
D 5.75 0.39 + 0.28 


carbonates (calcite, density 2.71 g./ml.) was obtained from the Diamond 
Alkali Company. All pigment samples were prepared from the same pre- 
cipitated batch by repeated fractionation by air elutriation until the par- 
ticle-size distribution within each fraction was very narrow. The surface 
areas in square meters per gram and the corresponding mean particle 
diameters, d, in microns were determined from nitrogen adsorption measure- 
ments by using the BET method as described by Brunauer (21). Uniform- 
ity of particle size was of secondary consideration in this work; neverthe- 
less, examination of electron photomicrographs of these materials showed 
the particles to be quite smooth, regular, and uniform in size. It also 
showed that the magnitudes of these particle sizes were correct, and that 
a threefold range of size and area had been covered. 

The properties of the various pigment fractions are summarized in 
Table I. The ranges of the particle sizes include 95% of the several hun- 
dred particles measured from each electron photomicrograph; the majority 
of the particle sizes in each sample were much closer to the indicated values 
than the ranges suggest. 


Preparation of Suspensions 


First the pigment was dried at 110°C. at 20 mm. pressure for 24 hours 
to remove most of the adsorbed water. It was then made into a paste 
containing 10% to 20% pigment by volume. This paste was given two 
passes over a three-roll mill and diluted with the pure vehicle to give 
suspensions of the required concentrations. These diluted suspensions 
were given two more passes over the mill to insure complete dispersion. 
The mill setting could be reproduced by means of hydraulic gages so that 


each of the suspensions could be subjected to the same amount of mechan- 
ical dispersing action. 


Analysis for Pigment Content 


A direct analysis for pigment content was made on each suspension by 
vaporizing the vehicle over a low gas flame and igniting the pigment in a 
muffle furnace at 1000°C. The ignited residue was weighed as CaO and 
calculated to the weight of calcium carbonate. From this result and the 
pigment density the volume per cent of pigment was determined. The 
precision of this analysis was about 1.0%. 
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Fie. 1. Flow curves for calcium carbonate C in polybutene No. 12. 


Viscosity Determination 


The viscosities were determined at 30.0°C. from the slope of the iso- 
thermal stress versus rate of shear curves, henceforth referred to as S-D 
flow curves, as described by Lower, Walker, and Zettlemoyer (22). For- 
tunately, the viscosities of the suspensions did not change with age; this 
indicated that the dispersions did not absorb appreciable quantities of 
water from the air. Upon long standing the pigment settled, but it could 
be readily redispersed by stirring. For low pigment concentrations the 
dispersions were Newtonian; that is, the flow curves were linear and passed 
through the origin. At higher concentrations definite curvatures set in at 
low shearing stresses, but the curves were linear at higher stresses. For 
these suspensions the plastic viscosities were calculated from the slope of 
this linear portion of the curve. Representative samples of these flow curves 
are shown in Fig. 1 for calcium carbonate C in polybutene No. 12, in which 
Newtonian behavior was observed up to nearly 9% pigment. 

Dielectric constant measurements were also made by Voet (23) on 
several of these suspensions to determine if agglomeration was an impor- 
tant factor in producing the measured viscosities. Unfortunately, the re- 
sults were inconclusive because the particles were nonconductive. 

The results of the viscosity determinations for the calcium carbonate- 
polybutene suspensions are shown in Tables II to V and summarized in 
Fig. 2. In these tables, V is the volume fraction of the pigment or the frac- 
tion of the total volume of the suspension which is occupied by the pig- 
ment (these volume fractions can be converted to weight per cents by 
multiplying by 300); 7, the viscosity of the suspension; 7,, the relative 
viscosity of the suspension; and 7.p, the specific viscosity. The significance 
of the last column of each table will be explained later. 
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TABLE II 


Viscosity of Calcium Carbonate A in Polybutene No. 12 


Surface area = 19.2 m.?/g. 


1 + kA)V Corrected 
aia: cet n or U, poises nr Nsp ae fraction 
0.00 11.05 1.00 0.00 0.00 
0.0115 12.10 1.095 0.095 0.0165 
0.0200 12.92 1.169 0.169 0.0288 
0.0304 13.82 1.251 0.251 0.0437 
0.0404 14.80 1.339 0.339 0.0581 
0.0508 16.24 1.470 0.470 0.0731 
0.0612 17.63 1.595 0.595 0.0880 
0.0652 17.89 1.619 0.619 0.0938 
0.0819 20 .80 1.882 0.882 0.118 
0.0911 22.44 2.027 1.027 0.131 
TABLE III 


Viscosities of Calcium Carbonate B in Polybutene No. 12 


Surface area = 12.2 m.2/g. 


V, CaCOs (1+ kA)V Corrected 
volume fraction n or U, poises ar Nsp volume fraction 
0.00 11.05 1.00 0.00 0.00 
0.0104 12.03 1.089 0.089 0.0138 
0.0196 12.59 1.139 0.1389 0.0261 
0.0290 13.50 1.222 0.222 0.0386 
0.0498 15.09 1.366 0.366 0.0663 
0.0699 17.27 1.563 0.563 0.0931 
0.0896 19.80 1.792 0.792 0.119 
TABLE IV 


Viscosities of Calcium Carbonate C in Polybutene No. 12 


Surface area = 8.9 m.?/g. 


V, CaCOs. ; (1 + kA)V Corrected 
volume fraction n or U, poises nr Nsp volume fraction 

0.00 11.05 1.00 0.00 0.00 

0.0118 11.97 1.083 0.083 0.0146 
0.0303 13.28 1.202 0.202 0.0376 
0.0407 14.19 1.284 0.284 0.0505 
0.0499 14.95 1.353 0.353 0.0619 
0.0698 16.85 1.525 0.525 0.0866 
0.0913 19.25 1.742 0.742 0.113 

0.121 24.00 2.172 eh 2: 0.150 


The variation in viscosity with concentration is shown graphically in 
Fig. 2 for each of the four pigments. As can be seen from the relative 
positions of the curves, the viscosity is higher the smaller the particle 
size or the larger the surface area of the suspended pigment. The early 
linear nature of the curves indicates that the viscosity increase is directly 
proportional to the concentration up to a volume fraction of about 0.04. 
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TABLE V 


Viscosities of Calciwm Carbonate D in Polybutene No. 12 


Surface area = 5.2 m.2/g. 


V, CaCOs. : (1 + kA)V Corrected 
volume fraction n or U, poises nr Nsp volume fraction 
0.00 11.05 1.00 0.00 0.00 
0.0128 12.00 1.086 0.086 0.0146 
0.0196 12.42 1.124 0.124 0.0224 
0.0302 13.18 1.193 0.193 0.0345 
0.0414 13.99 1.266 0.266 0.0472 
0.0455 14.08 1.274 0.274 0.0519 
0.0706 16.32 1.477. 0.477 0.0806 
0.0914 18.49 1.673 0.673 0.104 
0.122 22.72 2.056 1.056 0.139 
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Fig. 2. Viscosity-concentration curves for the calcium carbonate-polybutene 


No. 12 system. 
A—calcium carbonate A 


B—calcium carbonate B 
C—calcium carbonate C 
D—calcium carbonate D 


Above this point the viscosity rises more rapidly than would be predicted 


on the basis of a direct proportionality between ns, and V. 


INTERPRETATION OF DATA 


The Einstein equation (Eq. [1]) predicts a linear relationship between 
nep and V. Furthermore, this equation indicates that the viscosity should 
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Fic. 3. Specific viscosity-concentration curves for the calcium carbonate-poly- 
butene No. 12 system. 


A—calcium carbonate A 
B—calcium carbonate B 
C—calcium carbonate C 
D—calcium carbonate D 


not depend on the particle size but only on the volume fraction of particles, 
and that the shear rate should have no effect on viscosity. This equation 
has been verified experimentally for systems which obey the rigid condi- 
tions demanded in the derivation, that is, at low concentrations and for 
systems which exhibit no particle-vehicle interaction. The factor 2.5 has 
been found to vary slightly with particle shape, and is a maximum for 
long rod-shaped particles. 

The values of K for the systems examined here are equal to the slopes 
of the lines in Fig. 3. It is readily seen that the factor varies from fraction 
to fraction, and furthermore, K is always of the order of 6 to 8. Since the 


four calcium carbonate pigments have essentially the same particle shape, 


it is not likely that a shape factor alone is responsible for the divergence. 
Instead, immobilization of vehicle has been postulated. The only variable 
in these systems to which the divergence can be attributed is the particle 
size or surface area. Robinson (10) and Gourlay (24) have modified the 
Einstein equation by adding a correction factor for the sedimentation 
volume, but neither of these approaches was found applicable to the data 
presented here. The failure of all previously suggested modifications of the 
Einstein equation apparently lies in the fact that the particle size, and 
consequently the particle area, has not been taken into account. 

If entrainment by aggregates or adsorption of the vehicle is the chief 
cause of immobilization, the pigment with the smaller size should produce 
aggregates containing a large number of small interstices, and its larger 
surface area should adsorb proportionately more vehicle. This immobilized 
vehicle tends to increase the effective volume fraction of the pigment. 
This point of view can be put into mathematical form by recognition of 
the fact that both effects produce the same end result and hence may be 


interpreted on the basis of either one. The mechanism of adsorption has 
been chosen in this case, giving: 
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are A [3] 


where: V’ = volume of vehicle immobilized per ml. of pigment 

= surface area of the pigment in m.2/g. 

a constant for a given pigment and vehicle with the units of 
g./m.’. The value of k is the product of the pigment den- 
sity in g./cc. times the thickness of the adsorbed film in 
microns. 

The volume of this adsorbed layer increases the effective volume of the 
particles to V; + kAV,, where V, is the actual pigment volume and 
kKAV, is the volume of the adsorbed vehicle. If this effective volume is 
substituted for the pigment volume in the general Einstein equation, the 
following equation is obtained: 


a be 
| 


[4] 


where K is the usual constant and Vz is the total volume of the suspension. 
This equation may be written: 


tsp = K(1 + kA)V, [5] 


where V = V,/Vr and is the volume fraction of pigment alone. This 
equation has been found useful in interpreting the data reported here for 
Newtonian dispersions. 

In order to evaluate the constants k and K of Eq. [5] it is necessary to 
plot 7.» against V. This plot is shown in Fig. 3, where only the low concen- 
trations are plotted, since it is the linear region of the viscosity curves 
that is to be used. The slope of the 7,» vs. V curve for each pigment frac- 
tion must equal K(1 + kA) according to Eq. [5]. By determining the 
slopes graphically from Fig. 3 and substituting the corresponding values 
for the areas, four equations were obtained as follows: 


(A) 8.36 = K(1 + 16.2k) 
(B) 7.39 = K(1 + 12.2k) 
(C) 7.06 = K(i + 8.9k) 
(D) 6.46 = K(1+ 5.2k). 


When the above equations were solved by the method of averages, the 
values for the constant were determined to be: 


K = 5.68 
k = 0.0271 g./m.. 


If the assumptions made are correct, the viscosity-concentration curves 
should coincide if 7.) is plotted against the corrected volume fraction, 
(1 + kA)V. These corrected volume fractions are shown in the last col- 
umns of Tables II to V for the various pigment fractions. 
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Fie. 4. Specific viscosity-corrected concentration curves for the calcium car- | 
bonate-polybutene No. 12 system. 

-o—calcium carbonate A 
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O—cealcium carbonate C 
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The results are shown in Fig. 4, where 7,, is plotted against (1 + kA)V. 
The points all fall very close to the same general curve over a volume frac- 
tion range of 0.00 to 0.14. There is a slight deviation for calcium carbonate | 
A at the higher concentrations where the system was non-Newtonian. 

These results show that the particle size of the pigment has a definite 
effect on the viscosity and that this effect can be explained by taking the 
immobilization of the vehicle into account. When the proper correction is 
made, the viscosity-concentration curves for this system coincide and 
are independent of the area. The greater increase in viscosity at higher 
concentrations can be explained by recognition that high shear rates within 
the body of the bulk fluid are attained at moderate calculated rates based 
on the geometry of the viscometer, and that the local shearing stresses 
may be sufficiently large to remove part of the adsorbed layers or to break 
up agglomerates. 

In order to represent the curvature at higher concentrations, an attempt 
was made to apply equations, including logarithmic and power series, to 
the viscosity-concentration curves. No simple equation was found to repre- 
sent the data. 

Calcium carbonate A, with the highest surface area and smallest particle 
size, exhibited a yield value at a volume concentration of about 4 %, 
whereas calcium carbonate D, with a low area, did not until a 9% concen- 
tration was reached. Since the Einstein equation cannot account for pseudo- 
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TABLE VI 
Mixed Particle-Size Sample 
Viscosities of calcium carbonates A + D in polybutene No. 12 


Average area 8.9 m.2/g. 


V, volume fraction n, poises Ir nsp 
0.00 11.64 1.00 0.00 
0.0109 12.55 1.078 0.078 
0.0200 13.02 1.119 0.119 
0.0299 13.91 1.195 0.195 
0.0402 14.84 1.275 0.275 
0.0502 15.82 1.359 0.359 


plastic behavior, the upper limits of concentration imposed by the first 
appearance of anomalous behavior were lower for the high area pigments 
than for the coarser ones. Apparently, however, factors other than adsorp- 
tion are at work in this system because no correlation could be found be- 
tween area and yield value. 


Particle-Size Distribution 


In order to determine the effect of particle-size distribution on viscosity, 
a series of suspensions of different concentrations were prepared using a 
mixed pigment. This mixed pigment was prepared by mixing a weighed 
amount of calcium carbonate A (16.2 m.?/g.) with calcium carbonate D 
(5.2 m.?/g.) to give a mixture with an area equal to that of calcium car- 
bonate C (8.9 m.?/g.). This mixture was then dispersed in the polybutene 
oil in the same manner as was used for the other suspensions. The viscosi- 
ties of a series of suspensions of this mixed pigment were then determined 
and the results are tabulated in Table VI. 

Figure 5 shows the viscosity-concentration curve of this mixed pigment 
compared with that of calcium carbonate C. The curves coincide. Since 
the mixed sample was prepared from two pigments with mean particle 
sizes differing by a factor of three and the calcium carbonate C sample 
has a narrow particle-size range at 0.23 yu, the particle-size distribution 
apparently has little effect in this system within the range studied. 


Apparent Thickness of Adsorbed Film 


Since the value of k in Eq. [5] might be expected to be related to the 
thickness of the adsorbed films, this quantity was calculated from the 
determined value of k. Since the value of k has been found to be 0.0271 
g./m.? and since k is equal to the product of the pigment density times 
the film thickness in microns, the thickness of the adsorbed film is 0.0271/ 


2.93 or 0.00925 uw, which is 92.5 A. 
This thickness would account for three to four layers if oriented per- 


40 A. C. ZETTLEMOYER AND G. W. LOWER 


° 
> 


0.2 


SPECIFIC VISCOSITY 


° 0.02 0.04 0.06 
VOLUME FRACTION 


Fig. 5. Specific viscosity-concentration curves for mixed pigment and for caleium 
carbonate C in polybutene No. 12 system. 
@—mixed pigment 
O—calcium carbonate C 


pendicular to the surface, and considerably more layers if oriented parallel 
to the surface, or randomly as might be expected. That the depth of the 
adsorbed film could be almost 100 A. in this system seems unlikely. There- 
fore, immobilization of vehicle in the interstices of structural units larger 
than the ultimate pigment particles appears to make a considerable con- 
tribution to the flow properties. 


Stearic Acid Addition 


It is well known that small additions of a surface-active agent often 
have a considerable effect on the flow of suspensions. The agent is partly 
adsorbed on the pigment surface where it can alter the pigment-vehicle 
interaction and affect the amount of aggregation. These effects in turn | 
alter the flow characteristics of the dispersion. 

In order to determine the effect of the addition of a small amount of a 
surface-active agent to the system under study, stearic acid was added 
to the calcium carbonate-polybutene suspensions. This expedient intro- 
duced a small amount of a highly polar substance into a vehicle which 
previously had been nonpolar. The stearic acid was added to the poly- 
butene oil before the addition of the pigment. The paste was milled, di- 
luted to the required concentrations with pure polybutene, and remilled 
in the same manner as described for the previous suspensions. 

The samples were prepared in this manner with calcium carbonate A 
as the pigment and polybutene No. 12 as the vehicle. The amounts of 
stearic acid to be added were calculated using Harkins’ (25) value of 21 A2 
for the cross-sectional area of a stearic acid molecule. One dispersion con- 
tained only enough acid to cover half of the pigment surface (0.0170 g. 
acid/g. pigment) and the other contained enough to produce two layers 


on the pigment surface if all the acid were adsorbed (0.0728 g. acid/g. 
pigment). 
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TABLE VII 
Viscosity of Suspensions with Stearic Acid Added 


Calcium carbonate A stearic acid-polybutene No. 12 
Series S (44 monolayer) 
0.0170 g. acid/g. pigment 
Y,volume  g. acid left/g. g. acid adsorbed/ 


fraction vehicle g. pigment No, poises n, poises nr Nsp 

0.0098 0.000 0.0170 11.75 12.45 1.060 0.060 

0.0183 0.000 0.0170 11.75 13.22 1.125 0.125 

0.0278 0.000 0.0170 11.75 14.14 1.203 0.203 

0.0382 0.000 0.0170 11.75 15.01 1.277 0.277 

0.0479 0.000 0.0170 11.75 16.44 1.399 0.399 
TABLE VIII 


Viscosity of Suspensions with Stearic Acid Added 
Calcium carbonate A stearic acid—polybutene No. 12 
Series S-1 (2 monolayers) 

0.0728 g. acid added/g. pigment 


V, volume g. BOs ate: g. acid adsorbed/ 


fraction vehicle g. pigment No, poises n, poises nr nsp 

0.0100 0.0012 0.0358 11.66 12.33 1.057 0.057 
0.0197 0.0023 0.0386 11.58 12.86 iL ili 0.111 
0.0294 0.0033 0.0410 11.50 13.52 ek7G 0.176 
0.0391 0.0044 0.0412 11.42 14.35 1.257 0.257 
0.0494 0.0052 0.0428 11.37 15.54 1.367 0.367 


Since not all of the acid was adsorbed by the pigment in the second dis- 
persion, analyses had to be made to determine the amounts remaining in 
the vehicle. Then, the viscosities of the vehicle containing the determined 
amounts of acid could be interpolated from Fig. 6. In this predetermined 
graph, viscosity of the vehicle versus concentration of stearic acid is plotted. 

The viscosity-concentration curves in Fig. 7 indicate that stearic acid 
decreases the specific viscosities of these suspensions and that the higher 
the concentration of acid the greater is the reduction in the viscosities. 
In series S practically all of the acid added was adsorbed by the pigment. 
Therefore, the reduction in viscosity of these suspensions must be attrib- 
uted to the adsorption of the stearic acid on the surface of the pigment. 
In series S-1 between 50% and 60% of the acid present was adsorbed. The 
remaining free acid contributes to the reduction in viscosity of the vehicle. 
This effect has been taken into account, however, as described earlier. 
Therefore, the reduction in viscosity of this series also must be attributed 
to the adsorbed acid. 

The change in viscosity due to the adsorbed stearic acid cannot be 
accounted for by an increase in the effective volume of the particles. An 
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Fig. 6, Viscosity-concentration curve for stearic acid inpolybutene No. 12 system. 
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Fig. 7. Viscosity curves for the calcium carbonate A-stearic acid-polybutene No. 
12 system. 


A—calcium carbonate A 


S—cealcium carbonate A + 0.0170 g. acid/g. pigment 
S-1—calcium carbonate A + 0.0728 g. acid/g. pigment 
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TABLE IX 
Summary of Adsorbed Layer Volume Calculations 


Calcium carbonate A-polybutene No. 12 


i cc. Ads./g. pi t 
Stearic acid /g. pigmen 


Curve layers Slope kA Calc. Stearic acid by analysis 
A 0 8.36 0.437 0.149 0.0000 
NS) % 6.96 0.224 0.0764 0.0196 
S-1 2 5.88 0.0344 0.0117 0.0422 to 0.0505 


examination of the data taken on the pure polybutene systems and with 
added stearic acid shows that K is dependent upon the chemical nature 
of the pigment-vehicle system and is not merely a factor determined by 
the shape of the pigment particle, as has been claimed in the past (1). The 
addition of stearic acid changed the nature of the vehicle but did not 
affect the particle shape, and yet the value of K did not remain constant. 
This is true regardless of whether one calculates K from the simple Einstein 
Eq. [1] or from the modification, Eq. [5]. 

It can be shown also that if K is assumed not to change with the addi- 
tion of stearic acid, the values of k obtained from Eq. [5] are absurd. If K 
is a constant dependent only on the particle size and particle shape, the 
value 5.68 obtained for the pure polybutene system may be used. By using 
this value of K and the values of m given above, the values of kA and the 
volumes of the adsorbed layers can be calculated. The results of these 
calculations are summarized in Table IX. 

These figures indicate definitely that the addition of stearic acid decreased 
either the volume of the adsorbed layer or the interstitial space. Regard- 
less of the mechanism, the calculated total volume of the adsorbed layer 
cannot be less than the volume of the stearic acid known to be adsorbed. 
Since the amount of acid adsorbed was actually about three to four times 
greater than that calculated from Eq. [5], however, the value of K could 
not be the same for this system as for the pure polybutene system. This 
further indicates that K is not merely a shape factor but depends also 
on the nature of the relationship between the pigment surface and the 
external phase. 

It is possible that the effect of stearic acid on the viscosity is due to a 
neutralization of the force field between the solid particles (26) and, con- 
sequently, to a reduction in aggregation tendencies. A reasonable assump- 
tion is that the acid is adsorbed with the polar group oriented towards the 
pigment. The polar carboxyl group could then partially counteract the 
fields around the pigment particles so that the particles would have less 
tendency to attract each other. A decrease in aggregation would have the 
game effect as a decrease in adsorption, namely, a reduction in viscosity. 
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SUMMARY 


1. The viscosity of the calcium carbonate-polybutene system increases 
with an increase in the surface area of the pigment, concomitant with a 
decrease in particle size. 

2. The effect of the surface area may be attributed to the immobiliza- 
tion of vehicle and the corresponding increase in the fraction of the volume 
effectively occupied by the pigment. 

3. This increase in effective volume may be handled at low volume con- 
centration by adding a correction factor to the Einstein equation, making 
it: 


pe Kit Ove 


where K is constant for a system of given chemical constitution, & is another 
constant, A is the area of the pigment.so that kA is the volume of the 
adsorbed layer of vehicle, and V is the volume fraction of pigment. 

4. At higher concentrations the correction for the adsorbed layer ex- 
plains the differences in behavior of the pigments used here, but the data 
do not fit a linear relationship. 

5. Particle-size distribution in the range from 0.1 to 0.4 uw has no effect 
on the viscosity of this system. 

6. The lower the surface area of the carbonate pigment the greater the 
concentration must be before the suspension exhibits non-Newtonian | 
flow and thixotropy. | 

7. The reduction of the viscosity by the addition of stearic acid as a 
surface-active agent may be attributed to adsorption of the acid by the 
pigment. The adsorbed acid appears to localize the interaction between 
vehicle and pigment so that the immobilized volume is decreased. 

8. The constant K in the Einstein equation has been shown to be de- 
pendent upon the chemical nature of the system rather than only on the 
particle shape as was previously believed. 
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ABSTRACT 


The phenomenon of rhythmic precipitation is reviewed, and quantitative data 
are presented for four insoluble metal salt systems in gelatine and agar. 

The conditions for which the precipitated zones appear, and their periodicity, 
have been analyzed in terms of the concentrations of the reacting ions and other 
factors. 

The results show that the rhythmicity obeys a simple relation similar to that 
obtained theoretically from diffusion laws by previous investigators; but that absorp- 
tion onto the sol formed in the gel medium is the predominant factor. 

Among the theories proposed to explain the Liesegang phenomenon, that of Dhar 
and Chatterjee fits best the results obtained. 


INTRODUCTION 


Rhythmic precipitation was first observed by Liesegang (1). When a 
drop of concentrated silver nitrate solution is placed on a layer of gelatine 
gel, impregnated with potassium chromate solution, silver chromate is 
precipitated in the gelatine, not as a continuous precipitate, but in a 
series of concentric rings, separated by clear gel. The positions of the 
rings follow a geometric progression law, x, = ak”; where x, is the distance 
of the nth ring from the origin of diffusion; a and k are constants, k being 
known as the spacing coefficient. 

The phenomenon has since been examined by a large number of in- 
vestigators, for a wide range of insoluble materials. S. Veil (2, 3) has pre- 
sented a comprehensive range of the substances that have led to rhyth- 
micity and stratification in gel media. 

Although prior work has been primarily of a qualitative nature, it is 
known that several factors affect rhythmicity. 8. Veil (2) has noted the 
effects of the gel medium on the phenomenon. The results indicate that 
silver and cuprous salts are rhythmically precipitated in gelatine, but not 
in agar; whereas lead iodide showed rhythmicity only in the latter medium. 


On the other hand, most cupric salts are rhythmically precipitated in 
silica gels. 


' Present address: F. W. Berk & Co., Clay Development Laboratory, London 
Colney, England. 
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Foster (4) and Schleussner (5) have found that a trace of chloride ion 
in a previously dialyzed gelatine results in the appearance of clearly de- 
fined chromate rings. Liesegang (6) and other investigators remarked that 
for clear definition, a trace of free amino-solids in the gelatine is important, 
and gelatose, a hydrolyzed gelatine, has been added to the gel medium 
for this purpose. 

The rhythmicity of silver chromate, lead iodide, etc., is modified by the 
pH of the gel medium; and it is well known that potassium dichromate 
leads to more defined rhythmicity than potassium chromate (Bradford 
(7), Kohler (8), Stansfield (9)). 

Values for the spacing coefficient are rarely given in the literature, and 
workers in this field have generally based their observations on counting 
the visible rings (cf. Serb-Serbina (10), Holmes (11)). This is due to the 
fact that in most cases precipitation leads to blurred zones which do not 
lend themselves to quantitative recording. Although the silver chromate- 
gelatine system is well known for its rhythmicity, a quantitative correla- 
tion between the spacing coefficient and the relative concentrations of the 
reagents is, however, only vaguely found in the work of Lakhani and 
Mathur (12). These workers investigated the rhythmicity over a very 
narrow range of concentrations, and their experimental relation has re- 
ceived no mathematical support. 

Two main hypotheses have been put forward to explain the Liesegang 
phenomenon. The supersaturation hypothesis of W. Ostwald (13) postu- 
lates that the material formed by metathesis, e.g., silver chromate, is 
originally present as a highly supersaturated metastable solution, and 
only precipitates after a high degree of supersaturation or a supersolubility 
product has been reached. The main supporter of this theory has been 
van Hook (14). 

According to the coagulation hypothesis of Dhar and Chatterjee (15), 
the insoluble material is first produced as a metastable colloidal dispersion, 
and not as a supersaturated solutzon. Precipitation then occurs, as a result 
of the coagulation of this dispersion by an excess of the diffusing ions. 

More recently the authors (16) have investigated in detail the stability 
of insoluble metal salt sols in solutions of organic acids, and in gelatine, 
and have presented quantitative data in support of a coagulation hypothe- 
sis. Silver and complex copper salts sols are protected by gelatine, etc., 
by adsorption onto the surface of the sol particle, through free undissociated 
carboxy! groups. 

In both cases, however, it is obvious that the “stability” of the sol, or 
of the supersaturated solution, in the gel medium is one important factor 
in this phenomenon. 

Several authors have studied the possible role of diffusion (17, 18). In 
recent papers, Neumann and Costeanu (19) and Wagner (20) have deduced 
the geometric progression relation from diffusion laws, and, neglecting the 
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effect of the gel medium, concluded that (k — 1) should vary as the 
reciprocal of the initial concentration of the diffusing solution. As yet, no 
experimental evidence has been put forward to support these conclusions. 

This work is an investigation into the quantitative aspects of rhythmic 
precipitation. The effects of various factors are considered—the gel me- 
dium, the nature and concentration of precipitated substance, as well as the 
influence of various impurities, which modify the substance precipitated 
and its rhythmicity. Among these, the effects of chloride ion and of pH 
have been investigated in detail. The substances studied are silver chromate 
and dichromate, trisilver arsenate, and disilver hydrogen arsenate, copper 
pyridine thiocyanate, and lead iodide. These systems have been selected 
since they readily give periodic precipitates in gels of gelatine or agar. 

The rhythmic precipitation has been followed by free diffusion of a 
solution of the cation into the gel containing the anion. It is shown that 
the relationship (k — 1) = A + B/C» is verified, where k is the constant 
in the geometric progression law. The value of A depends on the gel me- 
dium and plays an important role in determining the periodicity, generally 
far greater than that of diffusion. For a series of silver salts, at constant 
anion concentration, A increases in the inverse order to the peptization 
ratio (as defined by Packter and Matalon (16)) observed for the correspond- 
ing sol in aqueous gelatine solution. 

The value of B depends on the substance precipitated. 

The presence of traces of chloride ion in the gelatine is known to affect 
markedly the periodicity of silver chromate. This effect is shown to be due 
to the flocculation of the positively charged silver chromate by negatively 
charged chloride ions. 

Diffusion experiments have also been carried out in order to establish 
the cation-anion ratio along the diffusion path. It is shown that: 

1. this ratio is a constant quantity for the position of the last ring, 
regardless of the time allowed for diffusion and of other factors to be out- 
lined in detail. 

2. this ratio varies, however, with the anion concentration according 
to a Freundlich law. 


EXPERIMENTAL AND RESULTS 
1. Diffusion into Set Gels 


Whenever periodic precipitation is observed, this phenomenon is de- 
termined essentially by the cation-anion ratio present along the diffusion 
path. Diffusion experiments have therefore been carried out in the first 
instance on a solute diffusing into a gel, and then on the solute diffusing 
into a gel containing a precipitant. 


A given volume of an aqueous solution of a reagent was left to stand 
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over a gel contained in a test tube of standard cross section, for periods of 


, time up to 96 hours. The average concentration of the diffused material at 
| varying depths in the gel was obtained by determining the concentration 
. present in slices of 0.5 cm. thickness along the gel. The method used for 


separating the gel from the glass tube prior to the slicing consisted in 
immersing the tube for about 10 seconds in a water bath heated to 60°C. 
The gel cylinder was then tipped over onto a filter paper and sliced with 
a razor blade. Titration of the reagents was carried out on aqueous disper- 
sions of the slices at 30°C., using standard volumetric methods. 

With silver nitrate, it was found that the ratio C,/Co is independent 


of the initial concentration, Co, of the diffusing solute within the range 


1.00 M to 0.20 M; C, is the concentration of diffusing cation at distance 
x from the origin of diffusion. Neither the type of gelatine used (7.e., dia- 


_ lyzed photographic or undialyzed Coignet) nor the pH affected the ratio 


C,/Co. The ratio C,/C» was, however, affected by the volume of the diffus- 


_ ing solution; and we adopted as standard a volume of 1 c.c. of solution 
| diffusing into a gel cylinder of 15 c.c. 


The diffusion of simple inorganic salts such as silver nitrate, copper 


| sulfate, and lead nitrate has been followed, using gelatine with the first 
_ two salts and agar with the latter salt. The diffusion rate in all cases was 
' found to obey the diffusion relation: 


gels at ls 
Co fQ ~ 
where f(t) and ¢(t) are functions of the time of diffusion, ¢. Figure 1 shows 
the results obtained for silver nitrate for various values of ¢; similar graphs 
were obtained for copper sulfate and lead nitrate. 
In all three cases, 


log = log M — Na’ 


or 


GC —Nzx2 
Co 
M and N are shown to decrease as the time, ¢, before the gel is sliced, is 


increased. 
2. Diffusion and Rhythmic Precipitation 


When a reagent R diffuses into a gel containing a precipitant Q, a sol 
is first observed in the gel, followed sooner or later by the appearance of a 
ring of precipitated material, or of isolated crystals, arranged at a well- 
defined distance from the origin of the diffusion. As the time of contact 


50 R. MATALON AND A. PACKTER 


Log C,/Co 


Boe 2 4 6 8 10 12 


x? (cm.2) 
Fic. 1. Diffusion of 1 c.c. M silver nitrate into 5% gelatine gels. Variation 
in C,/Co with distance. 


increases and diffusion proceeds further into the gel, the number of rings 
gradually increases. Eventually, the number of rings obtained reaches a 
limit which is imposed by the relative concentrations of the reagents R 
and Q and by the nature of the precipitated material. 

The following experiments have been carried out in order to establish 
the definite ratio of R to Q for which a periodic precipitation is obtained, 
as well as that for which finely dispersed sols of the material form in the 
gel. 

The solution of the reacting cation was allowed to diffuse into a set gel 
containing the reacting anion. 

It was found that diffusion was not affected by the presence of a reacting 
anion resulting in precipitation; thus the rhythmic precipitation is only a 
minor disturbance in the diffusion process. 

The values of C, obtained from such experiments are used in the latter 


part of this work to determine the cation-anion concentration ratios at 
the position of the last ring. 


3. Rhythmic Precipitation 
The method adopted here consisted in allowing the reacting cation to 


diffuse into the gel containing the reacting anion. This method results in 


a well-defined periodicity, as opposed to that of anion diffusion, which 
generally results in peptized sols. 


A series of experiments were carried out in order to define quantitatively 
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~M/600 CrO,"” 


0.200 


< M/400 CrO,” 
0.150 


(k~1) 


= M/200 CrO,” 


0.100 


0.050 


1/Co (g. mol. per I.)71 


Fic. 2. Direct precipitation of silver chromate in 5% Coignet gelatine gels (pH 5.2). 
Variation in spacing with Ag* ion concentration. 


the k values in the geometric progression law, x, = ak” (Jablezynski (17)) 
as well as to study the effect of various factors such as pH, relative con- 
centration ratios, and the properties of the gel medium which affect the 
rhythmic behavior. In the following certain experimental conditions will 
| be described under which we have found rhythmicity to be well defined 
and quantitative analysis possible. 

Rhythmic precipitation was studied by measuring in a cathetometer 
the distance between respective rings. The value of k was obtained from 
:an average of at least ten rings with an experimental error of 2% to 5%. 
(a) Effect of the Cation Concentration in the Diffusing Solution. A series of 
| experiments were carried out on silver chromate, disilver hydrogen arsenate, 
copper pyridine thiocyanate in gelatine at pH 5.2 (and containing a trace 
| of chloride in the case of silver chromate), and on lead iodide in agar in 
order to determine the effect of the concentration of the diffusing solution 
on the rhythmic precipitation. The results obtained (Figs. 2, 3, 4, and 5) 
show that in all cases 


(et A eB /Ca 


where C> is the initial concentration of the diffusing solution, and A and 
B are constants. 

(b) Effect of the Anion Concentration in the Gel. A series of experiments 
were carried out on the effect of anion concentration in the gel. The results 
obtained for the various systems are presented in Figs. 2, 3, 4, and 5. 
In the case of copper pyridine thiocyanate, it was found possible to obtain 
clear periodicity only at one anion concentration. 

In all cases at constant cation concentration, increasing the anion con- 
centration has the effect of decreasing the values of both A and B. 
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M/300 HAsO,” 


(k—1) 


M/150 HAsO,” 


1 2 3 4 5 6 
1/Co (g. mol. per |.)-? 


Fig. 3. Direct precipitation of silver arsenate in 5% dialyzed gelatine gels (pH 5.2). 
Variation in spacing with Ag* ion concentration. 


M/100 CNS’ 


(k—1) 


2 4 6 8 10 12 
1/Co (g. mol. per I.)-2 


Fie. 4. Direct precipitation of copper pyridine thiocyanate in 5% dialyzed gelatine 
gels (pH 6.4). Variation in spacing with Cu?+ ion concentration. 


The value of A varies with the anion concentration (Cg), according to 


the relation 
1 nr 
A — 
F lz 


where n is a constant, generally greater than unity. The values of n, de- 
termined from the results available, are 0.2, 1.1, 1.3, and 2.7 for lead iodide, 


silver chromate, copper pyridine eee rane ae ee hydrogen arsenate, 
respectively. 


(c) Effect of pH. The phenomenon of rhythmicity was studied over pH 


| 
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M/50 I’ 


0.250 


M/20 I’ 


(k—1) 


0.200 


0.150 


2 4 6 8 10 12 
1/Co (g. mol. per |.)-} 


Fie. 5. Direct precipitation of lead iodide in 1% agar gels (pH 6.8). Variation 
in spacing with Pb?* ion concentration. 


M/200 Copper pyr. thiocyanate 


0.350 


0.300 


0.250 


0.150 


0.100 


M/200 Silver 
chromate 
0.050 


M/20 Lead iodide 


5 6 7 8 9 10 
pH 


Fic. 6. Direct precipitation of metal salts. Variation in spacing with pH 
of the gel medium. 
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values ranging from 3.5 to 12 by addition of acetic acid or ammonia to the 


gel medium. 
The results obtained for the various salts are represented in Fig. 


6. 


For copper pyridine thiocyanate, it was found that, on varying the pH 
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between 11 and 6, the value of k remained practically constant. At pH 
values below 6, however, k showed signs of increasing and peptization was 
observed at pH 5.2, preventing further quantitative measurements with 
the cathetometer. 

It is interesting to note that, whereas in the case of silver chromate 
(k — 1) is directly proportional to the pH over the range 6.8 to 4.8, a 
definite change in behavior is observed for silver arsenate and lead iodide 
at well-defined pH values. With the silver arsenate system, a marked 
change in the slope of the curve is observed around pH 5.4. A similar change 
is observed with lead iodide at pH 6. For both salts, flocculation is observed 
in alkaline medium, whereas peptization occurs in acid medium. The critical 
pH values at which a marked change in the rhythmic behavior is observed 
is indicative of a radical change in the composition of the precipitated 
material. With arsenate salts, the disilver hydrogen arsenate is precipitated 
at pH values lower than 5.4, and the trisilver arsenate at pH’s greater than 
5.4. This result is in agreement with the pK value of the arsenate salts 
reported in the literature (Blane (21)). With lead iodide, basic salts are 
precipitated at pH values higher than 6. This is in agreement with the 
known properties of this lead salt at these pH values (Demassieur (22)). 

A series of experiments has been carried out on the 0.005 M silver 
chromate system in Coignet gelatine in order to investigate the effect of 
the pH of the gel medium on the values of the constants A and B. The 
results obtained show that the value of B remains constant over the pH 
range 6.8 to 4.8 (beyond which peptization occurs), whereas the value of 
A increases with decrease in the pH (Table I). 

(d) Effect of the Gel Medium. The rhythmic behavior of silver chromate 
depends to a great extent on the type of gelatine used. | 

Table II shows the (k — 1) values obtained at pH 5.2 in gelatines at 
constant chloride ion concentration of 0.003 M. 

In this table the free acidity of various gelatines is also presented. These 
results show that as the free carboxylic groups available are increased in 
the gelatine used, the value of k is also increased. 


TABLE I 
Variation of A with pH 


0.005M K2CrO, in 5% Coignet Gelatine 
oH A 
6.6 0.002 
6.2 0.028 
5.8 0.045 
Sid 0.058 
4.8 0.065 
4.4 0.100 
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TABLE II 
Effect of the Gel Medium on k — 1 Values 


Free acidity ex- 
pressed as cc. N 


Gelatine 0.0025M CrO,4” 0.005M CrO.” soln.gper 100 g. 
Photographic 0.047 0.017 14.9 
(dialyzed) 
Coignet 0.130 0.070 24.4 
(not dialyzed) 
Spa Peptized sol Peptized sol 40.4 


(not dialyzed) 


Cl’ ‘Agt—log 
0.2 


(k—1) 


0.1 0.2 0.3 0.4 
Cl’ /Ag* 


Fig. 7. Direct precipitation of 0.0025 M silver chromate. (1 c.c. M Ag* into 5% 
dialyzed gelatine gels. pH 5.2) Variation in spacing with chloride-silver concentra- 
tion ratio. 


This result suggests that the rhythmic behavior is governed, among 
other factors, by the structure of the gel medium and, in particular, by 
the available polar groups which are reacting with the silver ions. 

(e) Effect of Chloride Ions. In the examples already cited we have in- 
dicated that a constant chloride ion concentration was added when neces- 
sary to the gel medium. A series of experiments have been carried out on 
silver chromate precipitation in dialyzed gelatine, and a study of the effect 
of chloride has been made. The results are shown in Fig. 7. It is found 
that, whereas the gelatine in absence of chloride ion leads to a peptized 
sol, the presence of a minute amount of chloride leads to a well-defined 
rhythmicity. The values of k decrease continuously up to a maximum chlo- 
ride-silver ratio, after which further increase in chloride ion concentration 


leads to an increase in k. 
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7 


ea 


0.030M Cl’ 


0.020M Cl’ 
0.005M Cl’ 


(k—1) 


0.0010M Cl’ 


sere TN ae 5M Cl’ 
0.050 


1/Co (g. mol. per I.)-? 


Fra. 8. Direct precipitation of 0.0025 M silver chromate in 5% dialyzed gelatine 
gels (pH 5.2). Variation in spacing with Agt ion concentration. Addition of chlo- 
ride ion. 


The linearity observed, between log Ak and log [Cl’]/[Ag*] indicates 
that the chloride ion is absorbed on the silver chromate sol, according to 
a Freundlich isotherm. 

The presence of chloride ion is not essential in the silver arsenate system. 
With the copper pyridine thiocyanate system, it was found to have no 
effect on the rhythmicity. 

(f) Effect of Cation Concentration at Varying Chloride Ion Content. A 
series of experiments has been carried out on the system 0.0025 M Ag,CrO, 
in dialyzed gelatine, in order to investigate the effect of chloride ion con- 
centration on the values of A and B. The results are presented in Fig. 8. 

It is shown that with increasing Cl’/Agt ratio the values of A and B 
both decrease, the fall in B being very marked. With further increase in 
the chloride ion concentration and consequent repeptization, there is an 
increase in both the A and B values. 


4. Importance of the Cation-Anion Ratio in Determining 
Rhythmic Behavior 


Several experiments were carried out on the systems previously studied 
in order to define the cation-anion ratio at various distances along the gel 
medium where peptization, periodic precipitation, and flocculation were 
observed. (This ratio is a constant quantity for the position of the last 
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TABLE III 


The Effect of Anion Concentration on Cation-Anion Ratios for Silver Chromate 


A. 5% Coignet Gelatine, pH 5.2, 0.003M Cl’ 


0.001M CrOx4” 0.0025@ CrOx” 0.005M CrOx” 
Flocculation 50.0 26.0 9.0 
Periodic precipitate 12.0 3.5 1.0 
Peptized Sols 1.0 0.5 0.2 

B. 5% Dialyzed Gelatine, pH 5.2, No Cl’ 

0.001M CrOx” 0.0025M CrO.” 0.005M CrOx” 
Flocculation 100 100 14.0 
Periodic precipitate 70.0 20.0 3.0 
Sol 0.5 0.2 0.1 


2 Present as an impurity (CaCl) in the gelatine. 


TABLE IV 


The Effect of pH on Cation-Anion Ratios for Silver Chromate and Silver Arsenate 
A. Silver Chromate, 0.005M K2CrO, in 5% Coignet Gelatine 


5.2 6.8 
Flocculation 9.0 10.0 
Periodic precipitate 1.0 1.0 
Peptized sols 0.2 0.2 


B. Silver Arsenate, 0.0033M Na:HAsO, in 5% Dialyzed Gelatine 


4.2 4.8 5.0 5.2 5.5 6.1 6.8 7.7 
Periodic 100 100 40.0 10.0 1.5 0.5 0.2 0.1 
precipitate 
(brown crystals) 
Periodic 30.0 30.0 2.0 10> 0.05 (0.05. 0.05: 0.05 
precipitate 


(black crystals) 


ring, irrespective of the time of diffusion.) The results obtained for the 
silver chromate system are summarized in Tables III, IV, and V. 

(a) Effect of Anion Concentration. The results are presented in Table 
III. 

As the cation-anion ratio is decreased, the reaction product varies from 
the flocculated state to a finely dispersed sol, the periodic precipitation 
representing the intermediate stage. As a general rule, the cation-anion 
ratios for which the various states are observed decrease as the anion 
concentration is increased, according to the relation 


Ce Co j 


Similar results have been obtained with the other systems investigated. 
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TABLE V 


The Effect of Chloride Ion on Catton-Amion Ratios for Silver Chromate 
0.0025M K.CrO, in 5% Dialyzed Gelatine 


0.00025M 0.0005M 
No addition 0.001M Cl’ to 0.0005M Cl’ 0.004M Cl’ 0.005M Clr 


Periodic precipitate 20.0 4.0 1.5 1.5 1.5 
Sols 0.2 0.1 0.2 0.1 0.3 


The values of Cz/Cg may be compared with the cation-anion ratios for 
rapid coagulation of the corresponding metal salt sols in aqueous solutions 
of gelatine and agar (16). In every instance, rapid coagulation occurs at a 
far lower cation-anion ratio in the aqueous solution. 

(b) Effect of pH. The results are given in Table IV. 

Similar results as in Table IV, B, have been observed with the other 
systems. Increasing the pH values generally tends to decrease the various 
ratios at which the reaction leads to flocculation, periodic precipitation or 
sol formation. _ 

(c) Effect of Chloride Ion. The effect of chloride ion on the ratios pre- 
viously determined was followed for the silver chromate system in dialyzed 
gelatine (Table V). ; 

It is found that on addition of chloride the critical value of the silver- 
chromate ratio at which the rings are formed decreases very rapidly and 
soon reaches a minimum constant value. 


Discussion 
1. The Spacing Law 


We have noted that the Liesegang phenomenon is characterized by a 
geometric progression law governing the position of consecutive rings, 
and a similar geometric law is obeyed for the time necessary for the ap- 
pearance of the rings (Morse and Pierce (23)). 

The spacing coefficient, according to Wagner (20), obeys the relation 


(k — 1) = B/C, 


where C is the initial concentration of the diffusing solution, and B is 
directly dependent on the supersaturation. 

The present work demonstrates that, provided a certain cation-anion 
concentration ratio is reached, periodicity is observed in the precipitation. 
The position along the tube at which this minimum cation concentration, 
2.e., the minimum sol concentration, Cr is reached, depends, however, not 
only on diffusion but also on the adsorption occurring with the gel medium. 

As a result of adsorption, the effective cation concentration at any 
point along the gel is reduced by an amount Oy. KC.™, where Cg is the 
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concentration of the gel medium, and K and m are constants. Hence 
Wagner’s relation should be expressed as 


Ca + KCe"Co 
Co 


eerie 2 ~ 24 KO," 
Co 


The experiments carried out indicate, in fact, a spacing law, 
(k-—1)=A+ B/C, 


and A(=KC,”) demonstrates the adsorption effect of the gel medium. 
When C> is large (>0.5 M), the spacing is determined by this factor. 
The adsorption effect was neglected by Wagner, whose relation was based 
on diffusion alone. ; . 

The value of the constant K depends, in turn, on the interaction between 
the gel medium and the substance precipitated, and A, for a specific gel 
concentration, varies with the concentration of the precipitate, Cg, accord- 
ing to a Freundlich law, 


A large value of n shows that the stabilizing effect of the gel medium falls 
rapidly as the amount of precipitate is increased; whereas the small value 
observed for lead iodide indicates that agar is an excellent stabilizing agent 
for this material over a wide range of concentration. 

For a series of silver salts at constant Co, the values of A increase in the 
inverse order to the peptization ratios (16) observed for the corresponding 
sol, in aqueous gelatine suspension: 


Arsenate > chromate > oxalate > chloride. 


The constant B, according to Wagner, is directly dependent on the 
“supersaturation.”? The experimental results obtained show that the 
values of B are, in fact, essentially determined by the minimum cation 
concentration, Cr, at which precipitation occurs. The value Cr, in turn, 
is dependent on the concentration of the precipitated material and the 
pH of the gel medium, and in the case of silver chromate, on the presence 
of traces of chloride ion. In these latter systems, the variation of B with 
the Cl’/Agt ratio is very marked, and the spacing coefficient is very much 
affected by traces of chloride ion. 


2. The Mechanism of Protection 


Rhythmic precipitation observed in gels is a highly specific phenomenon, 
depending on the nature of the material precipitated in the gel medium 
as well as on those factors which by their presence modify the actual pre- 
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cipitation mechanism. The values of A have in fact been observed to vary 
with the concentration and structure of the precipitated material. 

The gel medium not only acts in slowing down the rate of diffusion, 
thereby retarding the precipitation reaction, but also acts as a protecting 
agent bringing about the initial formation of a more or less stable sol. 
Gelatine and related amino acids have been found excellent protecting 
agents for silver arsenate, silver chromate, and copper pyridine thiocyanate 
sol in aqueous solution (16), and agar and other polysaccharides are power- 
ful peptizers for lead iodide. It is significant that when the gel medium is 
a poor protecting agent for the precipitated substance (as with silver 
oxalate and chloride) (16), A is very low and no rhythmicity is observed. 
Protection is not due to the withdrawal of, for example, free Agt ions 
to form a silver ion-gelatine complex, as proposed by van Hook (24); 
but the Freundlich type of relation between (Cz/C) and Co indicates that 
the protection is due to an adsorption mechanism. Precipitation in gel 
media is caused by the coagulation of the protected sol, by the flocculating 
ion. The authors (16) have indeed obtained similar results for the protection 
of insoluble metal salts in gelatine solutions. The higher cation concentra- 
tion required for coagulation of a sol of particular concentration indicates 
that other factors are occurring in the gel medium. 


8. The Effect of Chloride Ion 


The material rhythmically precipitated in gelatine is initially stabilized 
in the sol form by the positively charged gelatine, +\NH3;G-COOH. Nega- 
tively charged ions destabilize the sol and lead to rapid coagulation. This 
effect has been demonstrated with the chloride ion. The presence of minute 
traces of this ion in gelatine brings about a marked change in the precipita- 
tion behavior of silver chromate in set gels. Stable sols give rhythmic rings 
of precipitate in the presence of traces of chloride ion. The spacing coeffi- 
cient decreases with the concentration of chloride ion, according to a 
Freundlich type of isotherm, Ak = a(Cov)", suggesting a preferential 
adsorption of the negatively charged ion, on the silver-chromate sol. 


A similar flocculation process has been observed in aqueous sols, of this 
material. 


4. The Mechanism of Precipitation 


Two main theories have hitherto been proposed to account for the Liese- 
gang phenomenon. The quantitative data obtained in this work all tend 
to confirm a coagulation theory. 

According to the law of mass action, one would expect the following 
results: (1) the peptization ratios for a series of silver salts should be stoichi- 
ometric, independent of the concentration of reacting ions, and vary 
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_ directly as the solubilities in water;? (2) the “supersolubility product” 
for a particular metal cation and gel system should be independent of the 
concentration and nature of the salt precipitated. 

The cation concentrations at which precipitation occurs are, in many 
instances, not in accordance with the law of mass action and tend to vary 
with the nature and concentration of the salt precipitated. The ratio 
| Cr/Co in fact varies with Co, according to a Freundlich-type law. 


CONCLUSIONS 


__ It is shown that adsorption on to the sol, formed in gel media, is a pre- 
_ dominant factor in the Liesegang phenomenon. The conditions for which 
| the precipitated zones appear and their periodicity have been analyzed in 
' terms of the relative ratios of the reacting ions, and of the adsorption of 
| the gel medium on to the initial sol. 

_ The results obtained show that simple relations are obeyed for the 
| periodicity of the type proposed by Wagner from diffusion laws. An addi- 
tional effect of importance in determining the spacing coefficient is the 
nature of the gel, which influences the stability and the growth of the 
precipitate. 

Among the theories hitherto proposed, that of Dhar and Chatterjee 
fits best the results obtained. The conclusion is reached that for every salt 
considered the interaction with the gel medium is a specific one, not neces- 
sarily determined by the interaction with any one of the single ions of 
the salt. 
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ABSTRACT 


The role of the emulsifying agent in determining the viscosity of water-in-oil 
emulsions of identical high volume concentration disperse phase has been investi- 
gated. Ten nonionic emulsifying agents were examined. The relative viscosity of the 
emulsions prepared from six of these were of the same order, but appreciable diver- 
gences from the mean were exhibited by the remainder. It is concluded that the chemi- 
cal constitution of the emulsifying agent does affect the resultant emulsion viscosity, 
presumably through the physical state of the film formed at the interface and its 
relationship to the two phases. 


INTRODUCTION 


Equations defining the viscosity of dilute solid dispersions (1) or emul- 
sions (2) generally indicate a dependence on the viscosity of the continuous 
medium and the volume concentration of disperse phase, whereas the 
nature of the emulsifying agent itself is not taken into account. In the more 
complex case of concentrated dispersions, or emulsions where it is assumed 
that the particles are small enough to be considered as rigid spheres (3), 
the equations are modifications of the classical Einstein equation. In these 
| due allowance is made for the various phenomena involving the dispersate 
particles, e.g., interaction between the particles (4), presence of an electric 
charge on their surface (5), increase in the over-all dimensions due to 
| hydration (6), and nonspherical shape (7). In the case of water-in-oil 
emulsions Schulman and Cockbain (5) observed that the water droplets 
| were of irregular shape and attributed this to the rigid nature of the inter- 
facial film. They also assumed ‘‘that the state of the interfacial film as 
| observed at the air-water interface i.e. solid, viscous, or liquid, is reflected 
_ in the nature of the resultant emulsion being respectively a grease, viscous, 
or a liquid emulsion.” No quantitative data were provided. 

Few observations have been reported in the literature on the specific 
influence of the emulsifying agent when working with emulsions of identical 

63 


64 P. SHERMAN 


volume concentration disperse phase, and those which are to be found 
relate solely to oil-in-water emulsions. Thus Gabriel (8), investigating 
asphaltic bitumen emulsions, noticed that their viscosity varied consider- 
ably, but this was attributed to variation in the degree of water absorption 
by the different bitumens. Broughton and Squires (3) working with olive 
oil, benzene, and Nujol as the oil phase and with sodium oleate, saponin, 
and triethanolamine oleate as emulsifying agents, showed the influence of 
the emulsifying agent in determining emulsion viscosity, and found that 
the most efficient stabilizers were those which gave the emulsions of lowest 
viscosity. Toms (9) prepared emulsions of 50% volume concentration dis- 
perse phase, using sodium and potassium laurates, myristates, palmitates, 
stearates, and oleates as emulsifiers, and various organic liquids as dis- 
persates. The emulsions differed appreciably in viscosity, those stabilized 
by oleates being found to be less viscous than those stabilized by the other 
soaps. It was concluded that these variations were explainable on the 
basis of interaction at the oil-water interface between the emulsifying 
agent and the two phases. Sumner (10) observed that at the same volume 
concentration the emulsions of lowest viscosity showed least tendency to 
flocculate; he also stressed the importance of the interfacial complex. 

In the present work water-in-oil emulsions of the same volume concen- 
tration have been prepared with various emulsifying agents, and the 
influence of the latter on the viscosity and flow properties investigated. The 
ten surface-active agents examined were all of the nonionic type. 


EXPERIMENTAL 


The emulsion composition was maintained constant throughout: 
Aqueous phase: 
6.5 % Glycerine (pale straw grade). 
65.5% Distilled water. 
Oil phase: 
2.8% Emulsifying agent. 
25.2 % Mineral oil (na = 0.136 poise). 
The values quoted are all weight percentages. The emulsifiers were all 
readily soluble in the mineral oil, and no heating was necessary to effect 
their solution. The emulsions were prepared at room temperature by care- 
fully adding the aqueous solution to the oil phase with efficient stirring; 
they were then passed twice through a pentacreme homogenizer. In this 
manner very homogeneous emulsions of small particle size (approximately 
2 wu) were obtained in all but two cases. Blown soya oil gave a wide range of 
particle size distribution, and in both this emulsion and that prepared from 
soya lecithin many multiple emulsion droplets were observed. Polyethylene 
glycol (200) monooleate emulsified spontaneously, but propylene glycol 
monooleate, blown soya, and glyceryl polyricinoleate did not promote 
smooth emulsification, and very vigorous agitation was necessary. 
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Fig. 1. Flow curves of some emulsions. 


Emulsion viscosity measurements were carried out with the use of a 
variable-pressure capillary plastometer in the manner indicated in a pre- 
-vious paper of this series (11). Once again the reciprocal mobility was 
adopted as the nearest approximation to the viscosity (n). Figure 1 illus- 
trates the shear behavior with varying stress of some of the emulsions pre- 
prepared. In all cases there is a decrease in the “‘apparent”’ viscosity with 
increasing rate of shear, the graphs eventually becoming linear. 

Determination of the viscosity of the oil phase (0) was carried out with an 
Ostwald viscometer of the conventional pattern. The dimensions were such 
that the kinetic energy (12) and surface tension (13) correction factors 
could be neglected. Owing to slight variation in the density of the oil phase 
in some cases, the volume concentration (¢) showed a slight deviation from 
the value of 0.686, but it was small enough to be of no consequence. 

The viscometric data are shown in Table J. All determinations were 
carried out at 21.0° + 0.1°C. 

The calculated volume concentration (¢caiculatea) WaS derived from the 
Hatschek relationship for concentrated emulsions (3) 

(9 = m)" 


= x 


The volume factor h = ¢eatculatea/ observed: 
Emulsion stability tests were performed by transferring samples to 
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TABLE I 


Viscosity Measurements 


_ Reciprocal Intercept ee 

Sana cebaenet U ie No n/no Paes Sie factor & 

Soya lecithin 1.10 807 0.168 6.55 0.688 0.609 0.89 

Sorbitan sesqui- 2.60 1766 0.176 14.77 0.687 0.811 1.18 
oleate 

Sorbitan mono- 2.67 1456 0.176 15.14 0.687 0.815 1.19 
oleate 

Sorbitan trioleate on2e 1922 0.169 19.03 0.686 0.850 1.24 

Polyethylene gly- 2.10 1214 0.151 13.91 0.686 0.799 Lely 
col (200) mono- 
oleate 

Diglycol monolau- 2.14 1221 0.144 14.86 0.686 0.811 1.18 
rate 

Propylene glycol 2.20 1614 0.149 14.76 0.686 0.810 1.18 
monooleate 

Blown soya bean 2.72 3229 0.184 14.78 0.686 0.811 1.18 
oil 

Glyceryl poly- 4.21 2825 0.358 11.76 0.686 0.766 1.12 
ricinoleate 

Polyethylene gly- 3.90 2371 0.939 4.15 0.686 0.437 0.64 
col _ polyricin- 
oleate 


* The 200 refers to the molecular weight of the polyethylene glycol chain. 


graduated stoppered cylinders which were maintained at 35°C. for eight 
weeks. The diglycol monolaurate emulsion broke down within 24 hours, 


the emulsifying agent being precipitated as a solid flocculate. In all other | 


cases there was no visible water separation at the end of the aging period, 
although ‘creaming’? occurred in one or two cases; consequently the 
samples were centrifuged at 6000 r.p.m. for 10 minutes and the degree of 
water separation estimated. The results are given in Table II. Also included 
are the ranges of particle size within the aged emulsions. It was observed 
that the lecithin emulsion showed an appreciable increase in the number of 
multiple emulsion droplets on aging, the structure now being similar to that 
of an inferior-quality groundnut lecithin emulsion. 

Parallel with the above work an evaluation was made of the technique 
suggested by Cockbain and McRoberts (14) with a view to developing a 
fairly rapid method for the determination of emulsion stability. Seven 
emulsifying agents were examined at 0.5% weight concentration in the 
oil phase, and the constants obtained are indicated in Table III. Owing to 
slow adsorption in some cases, the interfaces were aged for 1 hour prior to 
investigating the rate of drop coalescence. Drop stabilities were determined 
at 24.0° to 25.0°C. As the stability of water drops at the oil-water interface 
greatly exceeds that of oil drops, it was found more convenient to determine 
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Emulsifying agent employed 
Soya lecithin 


Sorbitan sesquioleate 
Sorbitan monooleate 
Sorbitan trioleate 
Polyethylene glycol 
(200) monooleate 
Diglycol monolaurate 
Propylene glycol mono- 
oleate 
Blown soya bean oil 


Glyceryl polyricinoleate 


Polyethylene 
polyricinoleate 


glycol 


TABLE II 
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Results of Emulsion Stability Tests 


Oil separa- Water separa- 
tion after 8 tion on cen- 


weeks* 
(ml.) 


34 


Nil 


trifugingt 
(ml.) 
0.2 
Nil 
0.1 
0.06 


Nil 


Particle size oe i aged emulsion 
m 


Normal drops 
drops 80-110 

Very homogeneous; not greater 
than 3.5 

Very homogeneous; not 
than 4.5 

Very homogeneous; not greater 
than 4.5 

Mainly 3-6 


10-48. Multiple 


greater 


Unstable; broke down within 24 hours 


1.5 


0.1 


0.1 


Nil 


Mainly 20-27 


Normal drops 3.0-7.0. Multiple 
drops 20.0-27.0 

Very homogeneous; not greater 
than 4.5. A few multiple droplets 

Very homogeneous; not greater 
than 3.5 


* Volume of emulsion stored in each cylinder was 150 ml. 
{ Capacity of centrifuge tubes was 6.2 ml. 


Emulsifying agent 


Soya lecithin 
Sorbitan sesquioleate 
Sorbitan monooleate 


Polyethylene glycol (200) monooleate 


Diglycol monolaurate 


Propylene glycol monooleate 


Glyceryl polyricinoleate 


TABLE III 
The Stability of Emulsion Drops 
Average é 
volume Coalescence Half-life time Drainage 
per drop rate constant of drops 71/2 mune by 
(ml.) k (min.™) (min.) (min.) 
0.012 1.20 0.21 0.09 
0.004 0.33 0.65 0.45 
0.005 0.48 0.60 0.42 
0.004 0.23 0.78 0.22 
0.009 2.38 0.17 0.09 
0.008 1.54 0.22 0.14 
0.010 0.95 0.64 0.43 


the lifetime of the latter, thus permitting numerous observations in a con- 
veniently short period of time as a routine test. Simultaneously interfacial 
tension measurements could be made when desired. 


ReEsvuuts AND Discussion 


The emulsifying agent exerts a profound influence on the viscosity of 
emulsions of high disperse phase concentration. This effect is not likely to 
be so pronounced in more dilute dispersions, and at such concentrations 
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that the mean free path between the dispersed globules is equal to, or 
greater than, the diameter of the globules, the effect will be negligible. 

Reference to Table I indicates that the relative viscosities of the emul- 
sions prepared from the ten emulsifying agents examined vary over a wide 
range. Six of these fall within the limits 13.9 to 15.2, whereas of the other 
four, three gave values falling below the mean. The low viscosity of the 
soya lecithin emulsion is probably accounted for by the fact that a gaseous 
type of film is formed at the oil-water interface (15); further complications 
arise through the formation of multiple emulsion droplets. Woodman (16) 
attributed this latter phenomenon to the presence in lecithin of opposite- 
type emulsifiers each exerting its own influence independently of the other. 
Qualitative observation indicated that the glycol esters yielded interfacial 
films much more rapidly, but of lesser rigidity, than the other emulsifiers 
examined. This is reflected in the lower viscosity of the former. The two 
polyricinoleates examined show low relative viscosities, but this may be due 
to the very slow interfacial adsorption observed which results in the emul- 
sion viscosity not remaining constant but rising progressively to a maximum 
over a period of a few days after preparation (17). This would also result in 
the “Volume factor” h increasing proportionately. The polymerized deriva- 
tives raise the viscosity of the oil phase to a much greater extent than do the 
other emulsifying agents; this is to be expected on the basis of their high 
molecular weight and complex structure. In addition, the relationship of 
no to 7 is reflected in the conformance of the majority of the emulsions with 
the Sibree modification of the Hatschek equation, h lying in the region of 
1.2. 

The precise interpretation of ‘‘yield value”? data, which is obtained by 


extrapolation of the straight-line region of the plastometer curve, is still a 


subject for much speculation. Most theories approximate to the view that 
it defines the shearing stress at which the attractive forces (‘internal 
friction’) between the dispersed particles have been overcome and laminar 
flow prevails. In this instance the highest ‘‘yield values” and viscosities are 
exhibited by the emulsions prepared with the surface-active molecules 
containing several carboxylic acid radicles, viz., sorbitan trioleate, the 
polyricinoleates, and blown soya oil. With all these agents a greater degree 
of aggregation should be possible by the interlocking of the hydrocarbon 
chains than is feasible with the mono-esters. A higher shearing stress would 
then be required to effect ‘deflocculation”’ in the former case prior to the 
exhibition of Newtonian-type flow. 

Comparison of the results in Tables II and III shows good agreement in 
the relative order of emulsion stabilities, although a direct quantitative 
relationship is not apparent. Contrary to the observations of Broughton 
and Squires, it was not found that the emulsions of lowest viscosity were 
necessarily the most stable. Thus, of the glycol esters, only polyethylene 
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| glycol (200) monooleate gave an emulsion of the same order of stability as 
_ those prepared from sorbitan esters and the polyricinoleates. 
Pink (18) ascribes the stability of water-in-oil emulsions to interfacial 
_ precipitation of emulsifier from the oil phase, in the form of hydrated soap, 
in the presence of a small amount of water. This is attributed to the pene- 
tration of water into the interior of the molecules at the interface and 
attachment to the polar groups. Alexander (19) also is of the opinion that 
stabilization is effected by a three-dimensional interfacial film, i.e., by a 
system analogous to emulsion stabilization with solid powders. It is highly 
probable, therefore, that when an emulsifying agent is present in excess of 
critical concentration for micelle formation a polymolecular film is formed. 
Since all the emulsions investigated were of the same volume concentration, 
_ variations in viscosity are attributable only to the influence of the different 
emulsifying agents used in their preparation, with particular reference to 
the stabilizing films formed at the interface. Two factors may possibly 
account for these variations. 
1. The physical nature of the interfacial film and its rheological proper- 
ties. This will affect globular resistance to deformation on the application 
_ of a shearing stress to the system, and its magnitude will be reflected in the 
derived viscosity. 
| 2. The “volume factor,”’ as influenced by precipitation at the interface. 
A high rate of adsorption will increase the dimensions of the dispersed 
globules appreciably and result in increased viscosity. Table I shows that a 
low relative viscosity is accompanied by a low “volume factor,” and in fact 
there appears to be a curvilinear relationship between the two constants, 


where h = logyo Sei c, and c = 0.06. The reason why the polyethylene 
uly 


glycol polyricinoleate emulsion shows a “volume factor” lower than unity 
is not readily apparent. 

The orientation of the emulsifying agent at the interface will be of major 
importance in these considerations and will be influenced by the relative 
hydrophilic and lipophilic affinities of the polar and nonpolar groups, re- 
spectively. In addition, interfacial film development will modify the nature 
and magnitude of the oil phase-water droplets forces, and will also modify 
the forces of cohesion between dispersate globules in concentrated emul- 
sions where the condition of hexahedral packing is approached. 


SUMMARY 


Water-in-oil emulsions of the same volume concentration disperse phase 
have been prepared using various nonionic emulsifying agents. Differences 
in their relative viscosities and stabilities have been found which can be 

‘accounted for only by interfacial phenomena involving the emulsifying 
agents. Two possible contributory factors are discussed. 
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ABSTRACT 


The primary salt effect of tetramethylammonium dodecanesulfonate, tetramethy]l- 
/ ammonium tetradecanesulfonate, and sodium decanesulfonate all at 25°C. and sodium 
dodecanesulfonate and tetramethylammonium tetradecanesulfonate at 40°C. on the 
|displacement reaction between thiosulfate and bromoacetate ions has been studied. 
It was found that the measured rate constant from a paraffin-chain salt solution con- 
taining micelles had nearly the same value that it had in a solution containing an 
equivalent amount of simple, completely dissociated electrolyte. Since it is well 
‘established that a considerable number of gegenions are attached to the micelle, the 
above result indicates that the micelle has a rather large ionic effect. This effect com- 
| pensates for the decrease in ionic effect brought about by the decrease in simple ion 
concentration due to the aggregation of the simple ions to form micelles. 


INTRODUCTION 


This paper is concerned with the ionic catalysis of an ionic reaction, the 
thiosulfate-bromoacetate displacement reaction, by some paraffin-chain 
‘salts, the sodium and tetramethylammonium salts of decane-, dodecane-, 
and tetradecanesulfonates. A previous experiment (1) indicated that the 
rate constant at 40°C. was increased as reactants were replaced by sodium 
-dodecanesulfonate. This was found to be true here, but to a much smaller 
magnitude. The previous results are in error mainly owing to the use of an 
inadequate calculation method. This will be discussed later. 

_ Paraffin-chain salts are ionic compounds which have paraffin chains in- 
‘corporated in one or both ions. Because of the hydrophobic nature of the 
paraffin-chain part there exists a threshold concentration of paraffin-chain 
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ions in aqueous solution, called the critical micelle concentration, above 
which the excess paraffin-chain ions associate to form aggregates of colloidal 
dimensions. The electrical charge of this aggregate is partially neutralized 
by an “atmosphere” of simple ions whose charge is of the opposite sign to 
the charge of the micelle. These simple ions are called gegenions and the 
resulting aggregate of paraffin-chain ions and gegenions is called a micelle. 
One of the many questions concerning micelles is the question concern- 
ing the effect of the micelle charge on the activity coefficients of simple ions. 
An analysis of the values of the activity coefficients of gegenion and micelle 
has been given by Hartley (2). Activity coefficients which may behave more 
rationally and therefore may be simpler to discuss are those of simple ions 
whose charges are of the same sign as the micelle charge. No method exists 
to determine such activity coefficients individually, but a value for a group 
of some of these coefficients may be determined by studying the primary 
salt effect. The rate constant of the thiosulfate-bromoacetate reaction, 


8.0;- + BrCH.COO- —> (Activated Complex)= — Br~ + 8:,0;CH2COO- [1] 


is related to the activity coefficients v7, vz and v* of the thiosulfate, bromo- : 
acetate, and activated complex ions, respectively, by 


eae [2] | 


* 


Equation [2] has been tested many times (3) and shown to be correct. Where | 
anomalies were found, these anomalies were shown to be due to side reac- 
tions between associated ions (4), orientation effects (5), or anomalies in 
the activity coefficients (6). If the activity coefficients in Eq. [2] depend 
upon the charge of the corresponding ions and on the common environment 
in a manner no more complicated than the Debye-Hiickel dependence, then | 
a study of the variation of the experimental rate constant may yield an 
effective ionic strength for this environment. | 


EXPERIMENTAL 
Materials 


Sodium dodecanesulfonate was prepared by refluxing a Halogen Chemical 
Co. dodecyl bromide, an analytical-grade sodium sulfite, and water for 
several days until the bromide layer disappeared. A weighed amount of the | 
recrystallized material was diluted to the mark of a liter volumetric flask | 
and the concentration computed, taking into account the water content of 
the material, which was determined by drying a sample in a vacuum oven. | 

The tetramethylammonium alkanesulfonates were made from the cor- 
responding sodium alkanesulfonates by first converting them to the silver | 
alkanesulfonates and then reacting these with tetramethylammonium 
chloride. Solutions were made in the same manner as the sodium dodecane- 
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t sulfonate solutions and also by preparing a solution of the approximate 
} concentration and then drying a sample of this solution to constant weight 

In @ vacuum oven. 

Sodium decanesulfonate was already in stock and was recrystallized be- 
._ fore being used. 

A reagent-grade potassium hydrogen phthalate was dried at 100°C. in a 
| vacuum oven, without any previous purification. A weighed amount was 
| diluted to volume in a volumetric flask. 

Carbonate free sodium hydroxide was prepared by filtering a 50% solu- 

tion into a liter of cooled, boiled, distilled water. The solution was protected 
_ as completely as possible from the air by two drying tubes filled with Asca- 
| Tite, one on a piece of tubing through a rubber stopper on the bottle, and the 
| other on the end of the pipet, which also went through the stopper of the 
_ bottle. The pipet was used to transfer the solution. 
__ An Eastman 10% solution of tetramethylammonium hydroxide was 
_ diluted to an approximate concentration with cooled, boiled, distilled water. 
| The hydroxide solutions were standardized against the standard acid 
phthalate solutions, with a Beckman pH meter used to detect the end point. 
A reagent-grade bromoacetic acid was recrystallized three times from 
' benzene, and then once from acetone. It was stored in a desiccator over 
| phosphorus pentoxide. An approximate amount was quickly transferred to 
| a weighed weighing bottle, and weighed. The bromoacetic acid was rinsed 
into a beaker and transferred to a liter volumetric flask. The solution was 
standardized against the hydroxide with the pH meter to detect the end 
point. The normality obtained from the initial weight of the bromoacetic 
acid was used as a check on the experimental technique and on the purity 
of the compound. 

The bromoacetic acid solution and the appropriate hydroxide solution 
; were mixed to form the corresponding bromoacetate solution by adjusting 
the pH of the mixture to the standardization end point pH. 

A reagent-grade potassium iodate was dried at 150°C., weighed, and 
- diluted to volume in a 2-liter volumetric flask. The solutions were approxi- 
mately 0.005 NV. 

_ An approximate amount of reagent-grade sodium thiosulfate was placed 
in a liter pyrex bottle, which had just been rinsed with boiling, distilled 
water. A liter of boiling, distilled water was added, and the bottle was stored 
to permit the solution to cool. The solution was standardized by the potas- 
sium iodate solution; the dead-stop technique was used to detect the end 
point. 
Tetramethylammonium thiosulfate was prepared from tetramethylam- 
monium sulfate and barium thiosulfate. The tetramethylammonium sulfate 
was prepared from silver sulfate and tetramethylammonium chloride, and 
the barium thiosulfate was prepared from sodium thiosulfate and barium 
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chloride. Solutions were prepared and standardized in the manner described 
above for solutions of sodium thiosulfate. 

A reagent-grade sodium nitrate was dried at 110°C., and a weighed 
amount was diluted to volume in a liter volumetric flask. Sometimes, as a 
check, the solution was standardized by evaporating a known volume to 
constant weight. 

Tetramethylammonium nitrate was prepared from tetramethylammo- 
nium chloride and silver nitrate. 

Iodine solutions containing 4% potassium iodide were prepared in the 
usual manner. They were filtered through a sintered glass filter to remove 
any small crystals of iodine. Concentrations varied, but most solutions were 
approximately 0.005 NV. 

Iodine solutions containing 5% tetramethylammonium iodide were pre- 
pared by dissolving the iodine in a hot solution of the required amount of | 
the iodide and then allowing the solution to cool. Any tetramethylammo- 
nium iodide or tetramethylammonium tri-iodide was removed by filtration. 
The concentration of iodine was limited to less than 0.002 N because of 
the insolubility of the tetramethylammonium tri-iodide (7). Iodine would | 
not dissolve in the cold solution of tetramethylammonium iodide because 
the crystals of iodine became coated with the insoluble tri-iodide. Both 
iodine solutions were standardized against the calculated initial concentra- 
tions of thiosulfate salt present in the kinetic solutions. Sometimes the 
iodine solutions were checked against the potassium iodate solution by | 
employing a thiosulfate solution of a comparable concentration as an inter- | 
mediate standard. 


The Dead-Stop Titration 


The end point of the iodine-thiosulfate reaction was determined by a 
dead-stop technique (8). A potential difference of about 10 mv. was used. | 
A 10-cm. deflection of the galvanometer indicated an iodine concentration | 
3 X 10° N. The end point was almost always noted before the deflection | 
attained 1 cm., but in a number of titrations the variation of the galva- 
nometer deflection was measured and graphed versus the volume of iodine 
solution so that all the readings could be extrapolated back to zero de- 
flection. : 

| 
| 


Apparatus 


The 500-ml. Erlenmeyers in which the runs were performed were thermo- | 
stated in a 20-liter water bath, regulated by a Sargent zero current relay. : 
The temperature was regulated to -£0.1°C. All the temperatures were 
adjusted with the same 0° to 50°C. thermometer. The sampling pipets were ) 
left in the Erlenmeyers according to an arrangement described by Hahn | 
(9). Volumetric glassware was calibrated at 25°C. and computed correc- 
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tions were applied when the glassware was used at 40°C. Time was measured 
with a stop watch. 


Experimental Procedure 


The solutions used in the kinetic experiments were assembled by various 
methods by adding stock solutions to volumetric flasks by means of burets 
and pipets. Usually solutions of thiosulfate salt and other electrolytes were 
made and thermostated. To these were added aliquots of the stock solution 
of the bromoacetate salt. The time at the addition was observed. Samples 
of 50 ml. each were titrated with standard iodine. The reaction was stopped 
by adding the sample to an amount of iodine solution, delivered from a 
buret, which was insufficient to react with all of the thiosulfate in the sam- 
ple. The titration was completed using the dead-stop technique to detect 
the end point. The time was recorded when the 50-ml. sample was released 
from the pipet. Two drops of 0.1 N acetic acid were added initially to the 
iodine solution to suppress the formation of hypoiodite. 


CALCULATIONS 


Three methods were used in the calculations of the rate constants. The 
magnitude of the difference between the reactant concentrations in a run 
determined which method was to be employed for that run. 

If the reactant concentrations were equal, the equation 


pagel [3] 


Op 40, a 


kt = 


‘was used with the following modification. Since 
[I.]JéM = (a — 2)V, [4] 


where M is the volume of iodine required for a sample of volume V, Eq. 
[3] became 


1 [I.]k 1 

ie Vpn ce a 
so that the rate constant, k, could be obtained from the slope, [I] k/V, of 
the graph of 1/M versus t. The intercept 1/M» was used together with the 
initial concentration of the thiosulfate to calculate the normality of the 
iodine. A normality of the iodine solution was calculated from each inter- 
cept and an average value was found from all the runs using the same iodine 
solution, and this average was used to calculate the rate constants. 

The equation for the unequal reactant concentration case 


(a — b)kt _ a-% 1,4 6 
ica bea eb [6] 
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was modified using Eq. [4] and 
V 


= —b [7] 
D hl (a ) 
to give 
MO 2 AID e erg egal i 
log _ DD 8303V | MD 


It was thought that D could be chosen to give the straightest line for a 


graph of log uM — p Versus t. Roughly this was true, but usually there was 


a range of D where the curvature was obscured by the experimental devia- 


tions. D was calculated from the initial concentrations of the reactants and — 


the normality of the iodine solution; the latter value was obtained from 
runs having equal reactant concentrations. 


When D was small, but not zero, it was found that Eq. [5] was not accu- | 


rate, and Eq. [8] was too cumbersome. Equation [8] was therefore rear- 


a that 1 
Mo — p thatis, 


Mee 1/(D a) i(#) sh 
oe yy ~ sae +(e) + 5H a \ ea [9] 


and simplified to 


ranged by expanding log 


Le D\ Cee aD 
uF (g) - i+ er (2) [10]; 
where 
D iyi) 1/ DVa. Hp 
P (sr) 1 +5(z2) +3 (2) +3) gle 11] 


To facilitate the computations, a large graph of F(D/M) versus D/M was 
drawn. D was computed from Eq. [7] as before, and the rate constant was 
computed from the slope of a graph of (1/M)F(D/M) versus t. 

For all runs, the method of averages was used to calculate all slopes and 
intercepts directly from the co-ordinates of the points. Deviations of the 
points from this average straight line were calculated and compared. Points 
with too large a deviation were investigated for mistakes, and if an error 
could not be found, the point was discarded from the data. 


ACCURACY AND PRECISION OF THE RESULTS 


If the required volumes of iodine solutions were calculated for a hypo- 
thetical run using reactant concentrations which differed slightly, and a 
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rate constant were calculated from these data on the assumption that the 
reactants had equal concentrations, two results were apparent. First, the 
usual reciprocal volume of iodine solution versus time graph was a slightly 
curved line, and, therefore, the average deviation from the best average line 
was no longer zero and, second, the calculated rate constant from the slope 
of this best average line no longer agreed with the assumed rate constant. 
The curvature of the data or the average deviation of the data from a 
straight line, the difference in the reactant concentrations, and the change 
in the rate constant were all related. Thus it was found by calculation that 
a 2.8, 5.5, and 11 % decrease in the bromoacetate concentration gave curves 
concave downwards, whose average deviations were 0.052, 0.11, and 0.30%, 
respectively, and whose “slopes” yielded rate constants which were too 
small by 4.5, 10, and 20%, respectively. 

It should be emphasized that these curves all appeared approximately 
straight. The actual magnitude of the per cent average deviation in an 
actual run does not mean too much, since any curvature probably would be 
obscured by the random scatter of the titration values. Thus a small average 
deviation, although desirable, did not necessarily mean that the rate con- 
stant was accurate. 

The errors in the rate constants are primarily due to the errors in the 
concentrations of the solutions employed, and secondarily due to the error 
in setting the temperature of the water bath. The change in the rate constant 
with temperature, dk/dt, at 25°C. and an ionic strength of 0.014 M is 0.034 

Iin.~' degree. A tenth of a degree temperature change corresponds to a 

1% error in the rate constant. However, the effect on the rate constant due 
to the variation in temperature during a 3000-minute run will be averaged 
to a smaller value than this, and the relative error of the rate constants from 
runs produced at the same time will likewise be smaller than this, but rate 
constants compared from runs produced at different times or compared to 
literature values will be influenced proportionally by any error in the tem- 
perature. It is reasonable to assume that the thiosulfate concentration is 
known to 0.5%, while the bromoacetate is known to 1%, twice as much 
because two standard solutions had to be made to make the one bromoace- 
tate solution. 

The error in the rate constants is accordingly about 3%. The precision 
of the rate constant values in an experiment where the same stock solutions 
were used and the same temperature setting of the bath was used for all the 
runs, is much better, and the agreement and reproducibility are about 1%. 

Errors due to other causes are negligible. 


RESULTS 


The results are tabulated in Table I. The concentrations are expressed 
in millimoles per liter. The concentration sum, used here and on some of 
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TABLE I 
Experimental Results 
4 a B - a i 1 | 
Parafin-chain | Nitrate satt [Thigsiliate | tate ante | Gfor'eer | "or the (mate constantl | 
Run number | concentration | Concentration | centration renee (mil-___|concentration| (1,/mole 
feamal/i} (mm./l.) (mm./l.) | ( enh limoles/1.) sum minute) 
Experiment 2. 25°C: (CH3)4N C4H28Os, Fig. 8 
1 0.0 10.12 0.854 1.19 13.9 0.118 0 .408¢ 
2 0.20 9.92 cs “ e s 0.410 
3 0.41 9.72 of f cs 0.408 
8 0.61 9.51 < ad oH ss 0.411 
5 0.81 9.31 w a co ss 0.411 
6 1.02 9.11 s “a oe ¢ 0.410 
4 2.03 8.10 ie * 4 " 0.408 
11 4.05 6.07 s ie “S 0.397 
9 5.06 5.06 % Hi fs S 0.394 
10 6.07 4.04 id a se 0.394 
7 8.09 2.03 ne ‘i co a 0.397 
13 10.12 0.0 ss ‘ ee ff 0.385 
Experiment 3. 40°C. Na Cy2H2;SO; 
4 0.0 0.0 5:50 5.46 22.0 0.148 1.58% 
1 20.3 0.0 0.488 0.428 | 22.2 0.149 1.60 
Experiment 4. 25°C. (CHs)s4N CizHesSOz, Fig. 7 
8 0.0 21.61 0.92 0.91 25.3 0.159 0.4802 
1 0.0 17.86 0.89 0.88 21.4 0.146 0.4582 
2 6.77 11.07 * s of YY 0.462 
9 6.77 11.06 ce rs ss of 0.451 
3 8.91 8.94 xs Se G3 cs 0.449 
4 11.07 6.81 a “s se oa 0.454 
5 13.21 4.65 or be ee i 0.445 
6 15.71 2.16 s SS se a) 0.442 
i 17.83 0.0 ns s§ ee 0.433 
Experiment 5. 40°C. Na Ci2:H2sSOs, Fig. 4 
6 0.0 0.0 5.38 5.37 21.5 0.147 1.53? 
5 0.0 hs 5.38 5.37 21.5 as 1.52 
4 6.25 * 3.84 3.84 21.6 s 1.54 
3 11.92 <i 2.44 2.44 DIST es 1.55 
2 17.90 se 0.98 0.98 21.8 oa 1.57 
1 19.59 sf 0.46 0.46 21.4 0.146 1.58 


* These data are illustrated on Fig. 1. 
> These data are illustrated on Fig. 2. 


TABLE I—Continued 


Paraffin-chain Nitrate salt Thiosulfate ces Concentra- | Square root | Experimental 
Run number) concentration | concentration | EME, lconcentra| WARM | ofthe rap constant 
(mm./1.) (mm./1.) Gany/L) limoles/]1.) sum minute) 
Experiment 6. 25°C. (CH3;)4N None 
7 0.0 U7} 0.99 0.99 15.7 0.125 0.434 
Experiment 7. 25°C. (CH:)4N CisH29SOs, Fig. 9 
7 0.0 8.13 23 122 13.0 0.114 0.418 
5 0.81 Wane se is UY oe 0.422 
8 4.05 4.05 si se es us 0.410 
10 6.08 2.02 O Es ce SS 0.404 
4 8.11 0.0 se @ ee ee 0.398 
4’ 0.0 16.22 § c 21.1 0.145 0.476¢ 
2 0.81 15.38 st & sf ce 0.472 
3 4.05 Pala ce <6 ef ¢ 0.464 
8’ 16.21 0.0 ss ss Gs ss 0.434 
5’ 11.05 36.78 1.11 Talal 19.2 0.139 0.433 
Experiment 8. 25°C. (CHs)s4N CisHosSOs, Fig. 6 
10 0.0 0.0 1.09 1.08 4.35 0.066 0.3612 
7 0.85 6s Mi se 5.19 0.072 0.373 
8 1.70 ee £6 6.04 0.078 0.379 
2 2.54 ef sf “ 6.89 0.083 0.382 
5 4.24 sé o s 8.59 0.093 0.396 
6 7.04 s¢ s es 11.38 0.107 0.404 
4 25.44 a is sa 29.79 0.178 0.471 
3 50.88 ee <f ve 55.2 0.235 0.548 
Experiment 9. 25°C. (CH3)s4N None 
2 0.0 0.0 eal 1.21 4.83 0.0695 0.346 
6 “s u3 2.22 Peel 8.87 0.0942 0.378 
8 “ & DPR) 2:21 8.86 0.0941 0.378 
4 “ ce 2.66 2.65 10.62 0.1031 0.389 
10 “ a3 3.80 3.80 15.20 0.1283 0.415¢ 
Experiment 11. 40°C. (CH3)s4N CisHe9SO;, Fig. 10 
5 0.0 11.59 1.65 1.65 18.2 0.135 1.59% 
1 Paste: 9.26 se ce ij oe 1.56 
6 5.80 5.79 cc os i ts 1.50 
3 11.61 0.0 oe 8 oa ae 1.44 
7 0.0 Pail ae ee 29.8 0.173 1.84 
8 2.32 20.94 es e . es 1.80 
2 11.61 11.59 e 3 oe a 1.70 
10 23 .22 0.0 ff st 4 1.57 
9 46.43 0.0 Me oa 53.0 0.230 1.79 
4 68.49 0.0 & if (on 0.274 1.93 


ie 
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TABLE I—Continued 


Parag sini | eae ante | Talat tate salt | Cgasnar | SHottne [ete conga 
Run number | concentration concentration | centration [concentra concentration] (I./mole 
(mm./1.) (mm./I.) (mm./1.) ea limoles/l.) sum minute) 
Experiment 12. 25°C. Na CyoHaiSOs, Fig. 3 
4 0.0 0.0 0.92 0.92 3.68 0.060 0.325 
5 9.18 is Sf ss 12.9 0.113 0.408 
7 18.37 e 4 ce 22.1 0.149 0.462 
9’ 18.37 we ss = 22.1 0.149 0.459 
6 22.04 ss M . 25.7 0.160 0.481 
10’ 36.74 is & e 40.4 0.201 0.531 
2 55.12 ot es e 58.8 0.248 0.562 
4 0.0 ee og 3.68 0.060 0.325 
oe “ % ws Se 3.68 0.060 0.3257 
we oe oe 1.66 1267 6.66 0.082 0.3522 
9 #2 4 1.84 1.83 7.34 0.086 0.351¢ 
4 cs oc 0.92 0.92 3.68 0.060 0.325 
2 oe 7.02 Ms 10.7 0.104 0.3882 
6’ & 7.02 “ : 10.7 0.104 0.3857 
1 ef 14.05 “ se esr 0.133 0.429 
8 ot 19.67 of is 23.4 0.153 0.4592 
i ss 0.0 1.07 3.33 6.53 0.081 0.356 
4’ es sf 1.39 2.50 6.66 0.082 0.352 
ae st = 1.66 1.67 6.66 0.082 0.352 
8’ < s 1.94 0.83 6.66 0.082 0.3387 
10 a s 0.92 4.58 7.35 0.086 0.3572 
9 mf st 1.84 1.83 7.34 0.086 0.3512 
3 a . 2.14 0.92 7.34 0.086 0.3567 
Experiment 13. 25°C. (CHs)4N CisH29SO; 
4’ 0.0 0.0 0.62 0.61 2.46 0.050 0.3187 
4 = ss 1.28 1.22 5.05 0.071 0.342 
Experiment 14. 40°C. Na C,.H2;SO3 
3 0.0 0.0 0.33 0.33 1.31 0.036 1.11% 
8 a ee 1.63 1.64 6.53 0.081 1.25° 
gy ss « 3.27 3.28. | 138.07 | Olle sp eae 
2 11.65 Gs 0.33 0.33 13.0 0.114 1.50 


the figures, is defined to be equal to the sum of the concentrations of 
paraffin-chain salt, nitrate salt, and bromoacetate salt plus three times the 
concentration of the thiosulfate salt. In the absence of micelles the concen- 
tration sum is equivalent to the ionic strength. 
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— DATA OF A.KISS AND P.VASS 
0.54 

© EXPERIMENTAL DATA WITHOUT NITRATE ION 
0527 @ EXPERIMENTAL DATA WITH NITRATE 10N 


(liters /mole minute) 
° 
> 
. 


RATE CONSTANT 


0 002 0.04 0.06 008 O10 O12 014 O16 O18 0.20 0.22 O24 0.26 
SQUARE ROOT CONCENTRATION SUM (motes / titer)!/2 


Fic. 1. Rate constants for reactants with and without nitrate ion at 25°C. 


—— DATA OF A.KISS AND P. VASS 
O EXPERIMENTAL DATA WITHOUT NITRATE ION @ 


(liters /mole minute) 


RATE CONSTANT 


O 002 004 0.06 0.08 O10 O12 O14 O16 O18 020 022 024 026 
SQUARE ROOT CONCENTRATION SUM (moles / liter)” 


Fig. 2. Rate constants for reactants with and without nitrate ion at 40°C. 


Reactants and Simple Ions 


One or more runs of each experiment contained no paraffin-chain salt. 
When the results from these runs were compared with each other on a single 
rate constant versus ionic strength graph, the average spread of the results 
was about 3% (Figs. 1 and 2). The lower solid curve represents the results 
of Kiss and Vass (10) using solutions which contained only reactants. The 
upper solid curve represents their results where increasingly larger amounts 
of nitrate salt were added to a constant (0.00125 M) concentration of react- 
ants. The reactant concentrations employed here for all the runs indicated 
by black dots were not the same, although most of the reactant concentra- 


tions were nearly the same (0.001 1). 


82 


J. A. ERIKSON AND E. C. LINGAFELTER 


NuMBERS REFER TO RUN NUMBERS 

Coa ZA INCREASING EQUAL REACTANT CONCENTRATIONS 

QS2+ (© REACTANT CONCENTRATION CONSTANT AS IN RUN 4 
050 AND NaCjgHp;SO3 CONCENTRATION INCREASED 

048+ (1 Reactant CONCENTRATION CONSTANT AS IN RUN 4 © 
AND NaNO, CONCENTRATION INCREASED 


minute) 


(liters / mole 


RATE CONSTANT 
° 
uw 
db 


O 002 004 006 008 O10 O12 O14 O16 O18 O20 022 024 
SQUARE ROOT CONCENTRATION SUM (moles / liter)!/? 


Fic. 3. Comparison of the rate constants from solutions containing decanesulfo- 


nate ion and similar solutions containing nitrate ion. 


Reactants with Paraffin-Chain Ions 


In solutions of paraffin-chain salts which did not contain micelles, espe- 
cially with sodium decanesulfonate (Fig. 3), no change in the rate constant 
was observed if paraffin-chain ion were substituted for nitrate ion. This 
indicated that in spite of the very different nature of the paraffin-chain ion 
compared with the nitrate ion, these singly charged ions influence the 
thiosulfate-bromoacetate reaction in the same manner. 


Reactants with Micelles 


Three experiments, 3, 5, and 14, demonstrated that the rate constant at 
40°C. was slightly increased as reactants of equal concentrations were re- 


Fia. 4. 


NUMBERS REFER TO RUNS OF EXPERIMENT 5 


1.80 


Witers /mole minute) 


RATE CONSTANT 


0 2 4 6 8 ite) 12 4 6 8 20 
CONCENTRATION OF SODIUM DODECANESULFONATE (millimotes / liters) 


Variation of the rate constant when reactants are replaced by sodium 
dodecanesulfonate at 40°C. 
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placed by an ionic strength equivalent amount of sodium dodecanesulfo- 
nate. The results from the more elaborate experiment are shown on Fig. 4. 

An earlier experiment (1) likewise indicated this increase, but the results 
are in error and the increase should not be as much as is recorded. The cor- 
rected results and the old results are shown together on Fig. 5. : 

The primary error was caused by calculating the rate constants with the 
method for equal reactant concentrations, even though the reactant con- 
centrations were slightly different. This method has been recommended for 
this situation by Daniels, Mathews, and Williams (11). The corrected rate 


2.10 © onicinat vatues 
@ Corrected vaiues 


2.00 


(liters / mole minute) 
o 
) 


@ 
° 


1.70 


RATE CONSTANT 


1.60 


° le 4 6 8 10 12 14 16 18 20 
CONCENTRATION OF THE SODIUM DODECANESULFONATE  (mitiimoles/ liter) 


Fie. 5. Variation of the rate constant when reactants are replaced by sodium do- 
decanesulfonate at 40°C. 


NUMBERS REFER TO RUN NUMBERS 
© EXPERIMENTAL VALUES 


(liters /mole minute) 


RATE CONSTANT 


ie) 0.02 004 006 0.08 O10 O12 O14 o16 O18 O20 O22 O24 
SQUARE ROOT CONCENTRATION SUM (moles / liter)'/2 


Fic. 6. Rate constants at 25°C. for various solutions of (CHs)4NCiH»SO; con- 
taining a constant amount of reactants. 
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constants have been recalculated taking into account this slight difference 
in reactant concentrations by the method already described. 

The addition of tetramethylammonium tetradecanesulfonate to a con- 
stant amount of reactants resulted in an increase in the rate constant which, 
from a comparison with the results of Kiss and Vass, appeared to be nearly 
the same as if an ionic strength equivalent amount of equal concentration ~ 
reactants had been added instead. This was demonstrated by experiment 8 
(Fig. 6) and also by runs 3, 10, 9, and 4 of experiment 11. Within experi- 
mental error, these data are in agreement with the above-mentioned slight 
increase in the rate constant produced by replacing reactants with paraffin- 
chain salt. 


NUMBERS REFER TO RUNS OF EXPERIMENT 4 


0.47 


0.46 


(liters /mole minute) 


044 


RATE CONSTANT 


043 


° (2 4 6 8 lo 12 14 16 \8 
CONCENTRATION OF TETRAMETHYLAMMONIUM DODECANESULFONATE —§ (millimoles / liter) 


Fig. 7. Variation of the rate constant when nitrate ion is replaced by dodecane- 
sulfonate ion at 25°C. 


NUMBERS REFER TO THE RUN NUMBERS 


RATE CONSTANT (liters /mole minute) 


ce) 2 4 6 8 10 
CONCENTRATION OF (CH3),NCigH>503 (millimoles / liter) 


Fie. 8. The rate constant when NO; is replaced by CisH»SO3- at 25°C. in ex- 
periment 2. 
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Nitrate Ion with Micelles 


If nitrate salt were replaced by the equivalent amount of paraffin-chain 
salt, the rate constant decreased; the decrease was somewhat more than the 
increase noted above. This was observed with tetramethylammonium do- 
decanesulfonate at 25°C. (Fig. 7) and with tetramethylammonium tetra- 
decanesulfonate at both 25°C. (Figs. 8 and 9) and 40°C. (Fig. 10). These data 
are not in disagreement with the data in which an increase was observed, 
since the primary salt effect produced by nitrate salt is greater than the 
effect produced by an ionic strength equivalent amount of reactants. The 
difference of 0.0075 min.—! between the two groupings of the results in ex- 


NUMBERS REFER TO RUNS OF EXPERIMENT 7 


THE FOLLOWING CONCENTRATION SUMS WERE 
USED: 0.114, 0.139 AND 0.145. 


(liters /mole minute) 


RATE CONSTANT 


ie} ie 4 6 8 10 '2 4 16 it} 
CONCENTRATION OF TETRADECANESULFONATE (millimoles / liter) 


Fia. 9. Variation of the rate constant when nitrate ion is replaced by tetradecane- 
sulfonate ion at 25°C. 


NUMBERS REFER TO RUNS OF EXPERIMENT II 
CONCENTRATION SUMS OF 0.135 AND 0.173 WERE USED 


(liters /mole minute) 


RATE CONSTANT 


2 4 6 8 10 12 14 16 18 20 22 
CONCENTRATION OF TETRADECANESULFONATE ( millimoles / liter) 


Fic. 10. Variation of the rate constant when nitrate ion is replaced by tetradecane- 
sulfonate ion at 40°C. 
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periment 2 (Fig. 8) is believed due to a systematic error, since the lower 
group of runs was performed two days after the higher group. 


DISCUSSION 


The indifference of the rate constant to the presence of micelles, in solu- 
tions containing micelles, can be crudely predicted from the theoretical 
behavior of the rate constant in solutions containing simpler complexes. 
Since theoretically the rate constant is a function of the ionic strength, it 
will be sufficient to calculate only the ionic strength of solutions containing 
singly, doubly, triply, etc., charged ions in various degrees of association. 
In order to keep the calculations simple, only two ionic species will be con- 
sidered to be present in each solution; the singly charged positive ions, and 
the complex anions containing singly charged positive and negative ions. 
In the case of a solution containing a neutral aggregate, only the neutral 
aggregate will be present. 

A solution will, therefore, contain either the ions M+ and M,,A,,”~”, or the 
neutral molecules MnAm; Where m is 1, 2, 3,..., 2 is0, 1, 2,..., and for 
each solution n is equal to, or less than, m. It will be assumed that all the 
solutions can be constructed from a single solution, 0.02 M@ in MA. The 
concentration of the M,A,.”—” complex is (0.02) (1/m), and the concentration 
of the M+ ion is 0.02(1 — n/m). The ionic strength for a given solution is 


u = (0.01) (1/m) (m — n) (1 +m — n). [12] 

The degree of neutralization of the charge of the complex ions is given 
by n/m. 

Figure 11 is a graph of the square root of the ionic strength for various — 

degrees of association of the “monomer,” dimer, trimer, etc. The lines 


ROOT IONIC STRENGTH 


fe} 02 04 06 os i 
DEGREE OF ASSOCIATION asm 


Fie. 11. Theoretical ionic strengths for solutions 0.02 M of MA, where the reaction 
An ™ + mM+ > M,A,"™ + (m — n)M* has gone to completion. 
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result from considering m as a continuous variable, but only the points 
represent physically possible solutions. An empirical line correlating an 
“Jonic strength” for a micelle containing approximately 50 or 60 paraffin- 
chain units is assumed to be in the location labeled “micelle?”’. This par- 
ticular location is assumed in order to correlate the effective ionic strength 
of a micelle having a degree of association of approximately 0.8 to 0.9 with 
the results of this research: that the rate constant of the reaction in a solu- 
tion containing micelles, is comparable to the rate constant of the reaction 
in a hypothetical solution containing the same amount of completely disso- 
ciated paraffin-chain salt. This line does not appear out of position when 
compared with the lines for the simple ions, even though the ionic strength 
principle is not valid in this region. 

McBain (12, 13) regarded the charges on the exterior of the micelle to be 
too widely spaced to exert a mutual and therefore large effect, and con- 
cluded that ionic effects of solutions of micelles would not be much different 
from those of uni-univalent electrolytes. The conclusion drawn from the 
experiments of this research regarding the ionic effects of paraffin-chain salt 
solutions is that the ionic effects of the charged micelles are quite large, at 
least large enough to compensate for the decrease in ionic effect due to the 
simple ions that have associated to form micelles. The net effect of this 
compensation is that the influence of these paraffin-chain salt solutions 
containing micelles on the ionic reaction is approximately the same as if 
the paraffin-chain salt were behaving as a uni-univalent electrolyte. 

It appears, therefore, that the activity coefficients of simple ions of charge 
of the same sign as the micelle charge, in solutions of paraffin-chain salts 
which contain micelles, have a value which is not much different from the 
value that they would have in a hypothetical solution containing a com- 
pletely dissociated paraffin-chain salt of the same stoichiometric concen- 
tration. 
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INTRODUCTION 


In the course of the preparation of a series of systems for the investiga- 
tion of electrooptical effects shown by liquid crystalline solutions of col- 
loidal electrolytes (cf. succeeding paper), a number of observations were 
made which appear to afford insight into the structure of “viscoelastic 
solutions” of colloidal electrolytes. 

The nature of the intermicellar equilibria and phase changes encountered 
in solutions of colloidal electrolytes has been discussed in previous papers 
(1, 2) and is recapitulated in Fig. 1. 

In dilute aqueous solutions of the higher amphiphilic salts (and in more 
concentrated solutions of those of lower molecular weight) the amphiphilic 
ions are ‘‘molecularly dispersed’”’ as shown on the left of Fig. 1. 

At higher concentrations isotropic micellar solutions are produced in 
which the amphiphilic C region (which is in equilibrium with nonmicellar 
salt) has mainly the 8; form (convex towards water). However, owing to 
thermal fluctuations, regions of planar and 8, form will also be present in 
equilibrium. 

At still higher concentrations (depending on the nature of the amphiphilic 
salt) and in certain multicomponent systems (1, 2) smectic liquid crystalline 
solutions are produced. These appear to contain only one form of micelle, 
the G micelle, which is potentially coextensive with the solution itself. 

Under other conditions, as in certain of the aqueous “S.”’ solutions dis- 
cussed below, in multicomponent systems (1, 2), or in solutions of amphi- 
philic salts (e.g., Aerosol OT) in hydrocarbons, isotropic solutions in which 
the micelles are predominantly of 8S» form arise. 

The distinction between the isotropic 8; and §, solutions is only in the 
balance of the intermicellar equilibrium within them, and it is often possible 
to pass continuously from one to the other. The liquid crystalline phase, 


on the other hand, is a distinct phase with definite limits (composition and/ 
or temperature) of stability. 
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IN WATER SOLUTION) IN OIL 


W = HYDROPHILIC SECTION OF MICELLE 

© = AMPHIPHILIC SECTION OF MICELLE 

© = LIPOPHILIC SECTION OF MICELLE 

R = RATIO OF DISPERSING TENDENCIES ON LIPOPHILIC 
AND HYDROPHILIC FACES OF € RESPECTIVELY 


Fig. 1. Intermicellar equilibrium and associated phase changes shown by certain 
series of solubilized systems. 


EXPERIMENTAL 


_ A particularly convenient series of systems for the study of the phase 

changes and intermicellar equilibrium discussed above is that derived from 
| undecane-3 sodium sulfate/cyclohexylammonium chloride/water (3). This 
series gives rise, even in the liquid crystalline region, to pourable solutions 
which are readily manipulated and whose compositions may be simply 
determined volumetrically (see below). Further, the intermicellar equilib- 
rium and associated phase changes (Fig. 1) may readily be regulated at 
will. This may be done: 

1. By altering the position of equilibrium in the balanced action 


RSO.Na a CeHi1: NH3Cl ss RSO.-NH3:CsHi1 + NaCl 


by varying the proportions of the reactants. 

2. By dilution. 

According to (1), displacement of the chemical equilibrium to the right 
by addition of cyclohexylammonium chloride displaces the intermicellar 
| equilibrium to the right. 
| According to (2), dilution with water of a mixture containing a particular 
RSO.Na/CsHu:NH;Cl ratio displaces the intermicellar equilibrium to 
the left. This is a general effect of dilution on aqueous amphiphilic salt 
solutions. 

Examples of these procedures used for the preparation of experimental 
samples are shown in Tables I, II, and ITI. 

_ The following points may be noted concerning certain of the systems 
shown in Tables I, II, and III. 
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TABLE I 


Displacement of Intermicellar Equilibrium and Associated Phase Changes to the Right 
by the Addition of a 48.6% (by Weight/Total Volume) Solution of Cyclohexylam- 
monium Chloride to 25 ml. of a 4% (by Weight/Total Volume) Solution of Undecane- 
3 Sodium Sulfate at Room Temperature (21°C.) 


Vol. 


cyclohexyl- 
ammonium 
chloride —e 
solution Condition of 
Sample added ml. system Remarks 


<0.8 Si _ Water-clear, isotropic 
0.8 8 +G ' Phases separate overnight 


A 

B 

C 

D 0.925 G Fluid liquid crystalline solutions; slightly 
E 1.0 G opalescent; no indication of more than one 
F 1.075 G type of liquid crystalline solution 

G 1.15 G 

H 1.175 G+8, These settle overnight (temperature about 
I 1.20 G+& 19° + 2°C.) into two phases, one isotropic, 
A 1.25 G+ & one liquid crystalline. Shaking gives clear, 


slightly opalescent dispersions of the two 
phases which show streaming birefringence 
between crossed polaroids. This disappears at 
once on cessation of flow, the dispersions ap- 
pearing isotropic when at rest 
K 1.30 Probably a Isotropic; clear with slight opalescence; shows 

stable streaming birefringence 

(S2 + G) 

emulsion 

(see below) 


L 1.40 Type II Upper layer 5 ml.; on shaking, a clear solution is _ 


obtained. On resting, this at once becomes 
turbid and separation into bulk phases is 
almost complete in 14 hour 


1. Effect of Shear on Phase Miscibility 


The Type II systems, L in Table I and I and J in Table II, become clear 
and homogeneous on gentle stirring, rapidly clouding and separating into 
layers when allowed to rest. These systems therefore provide rather striking 
examples of the effect of rate of shear on the miscibility of conjugate liquid 
phases. This phenomenon, which is frequently observed in systems con- 
taining amphiphilic compounds (4), has recently also been recorded for 
systems containing macromolecular solutes (5). 


2. Effect of Change of Temperature on Phase Changes and Intermicellar 
Equilsbria 

; On cooling the systems in Tables I, II, and ITI the intermicellar equilib- 

rium and phase changes (Fig. 1) are displaced to the left. Thus in Table dé 
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TABLE II 


| Displacement of Intermicellar Equilibrium and Associated Phase Changes to the Right 

by the Addition of a 48.6% (by Weight/Total Volume) Solution of Cyclohexylam- 
montium Chloride to 50 ml. of a 2% (by Weight/Total Volume) Solution of Undecane- 
3 Sodium Sulfate at 20°C. 


Vol. cyclo- 
hexylam- 
monlum 
chloride 
solution Condition of 
Sample added, ml. system Remarks 
A 0.67 Si Water-clear, isotropic 
B 0.80 Si Water-clear, isotropic 
Cc 0.93 iP bl : , ears 
Bee 4 Opalescent; isotropic but birefringent on stream- 
D 1.07 Probably ae S: and G phases do not separate on stand- 
S: + G} . 
Ts 4 ‘ 
4 oe a Opalescent; stable birefringence 
G 1.47 Probably) 
G + 8, Opalescent; birefringent on streaming; S: and G 
H 1.60 Probably phases do not separate on standing 
G+S8, 
I 1.73 Type II Two isotropic phases, upper 10 ml. 
a 1.87 Type II Two isotropic phases, upper 17 ml. 


on cooling the Type II system L to 0°C. it gave a system similar to K at 
room temperature. On cooling the (S: + G) systems H, I, and J, perma- 
nently birefringent G systems were obtained. On cooling the (8, + G) 
system B it was converted to a single water-clear isotropic phase §. 


3. Variation in Stability of (S + G) Emulsions with Concentration of 
Amphiphilic Salt 

It appears from TablesI, II, and III that the stability of the emulsions of 
(S: + G) and of (G + Sz) increases with diminishing alkyl sulfate concen- 
tration. The study of the interface present in these emulsions, viz., aniso- 
tropic liquid/isotropic liquid, has not yet been recorded in the literature, 
and its theoretical and experimental investigation should be of much 

interest. The interface S/G should presumably be characterized by two 

interfacial tensions. In such emulsions, even when at rest, it may well be 
that the form of the particles of the disperse phase (either S or G) is not 
spherical. 

It appears that, in Tables I, II, and III, the clear, apparently isotropic, 
single-phase systems which show streaming birefringence are probably to 
be regarded as stable (S + G) emulsions. 

_ Although several of the dispersions designated (S2 + G) in Table I 
‘separated into S, and G phases on standing at room temperatures, under 
closer temperature control (thermostat at. 19°C.) separation (except over 
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TABLE III 


Alternate Displacement of Intermicellar Equilibrium and 8; — G Phase Change to 
the Right by Addition of a 48.6% (by Weight/Total Volume) Solution of Cycloheryl- 
ammonium Chloride and to the Left by Addition of Water to Initially 10 ml. of 20% 
(by Weight) Undecane-3 Sodium Sulfate Solution at 20°C. 


Total volume 
cyclohexyl- 


ammonium ‘Total 
ae Neves Condition of 
added, ml. added, ml. system Remarks 
0 0 Si Water-clear; isotropic 
0.9 0 8.+G Cloudy; phases separate on standing 
1.05 0 G Opalescent liquid crystal 
1.05 10 Si Water-clear; isotropic 
1.15 10 Sie G 
1.25 10 G 
1.25 20 Si 
1.35 30 8:+ G 
1.4 20 G 
1.4 20 84+ G 
1.55 30 G 
1.55 40 8 +G 
1.65 40 G 
1.65 60 Sistas 
17 60 G 
eo 80 $:+ G Opalescent, birefringent on streaming. No evi- 
2.1 80 84+ G dence of separation of phases on standing 
2.3 80 G Stable birefringence 


an exceedingly narrow range of composition) did not occur. The effect of 
variation in temperature in promoting separation is probably due to its 
influence in shifting the limits of the narrow range of composition over 
which (at a particular temperature) separation occurs. The samples which 
show phase separation are thus brought within the zone of instability from 
time to time. 

Where separation is observed, the differences between the refractive 
indices and densities of the phases are small and the interfacial tension 
between the phases is extremely low. Where separation does not occur, it 
seems possible that one, or more probably both, of the interfacial tensions 
S/G may have reached zero, leading to the production of clear, thermo- 
dynamically stable dispersions of the two phases. If the interfacial tensions 
were finite (unless the densities of the phases were equal), the dispersions 
would necessarily be thermodynamically unstable. Further, since the two 
phases are so similarly composed, material transfer from the smaller to the 
larger droplets of the disperse phase would be very easy and rapid separa- 
tion of the phases (such as is actually found even with those Type II 
systems in Tables I and II which become truly homogeneous on shaking) 
would be expected to occur. The coexistence of two equilibrium phases 
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40 (SPECIFIC RESISTANCE 
= OBSERVED RESISTANCE/0-22) 


30 


20 


OBSERVED RESISTANCE, ohms 


() 1 2bhS 3 
VOLUME OF CYCLOHEXYLAMMONIUM CHLORIDE SOLUTION 


Fig. 2. Changes in electrical resistance observed on addition of cyclohexylam- 
/ monium chloride (48.6% by weight/total volume) to 50 ml. of undecane-3 sodium 
sulfate solution. 


| with zero interfacial tension is difficult to visualize, but it appears possible 
_ that such phenomena do occur, e.g., in the critical region for the transforma- 
tion liquid/gas (6). 


4. Electrical Resistance Changes 


The two resistance/composition curves in Fig. 2 are closely similar to 
- one another and to that determined earlier (3) at a higher alkyl sulfate con- 
centration (10%). Thus, although bulk phase separation occurs readily at 
10%, slowly at 4%, and not at all at 2%, similar resistance/composition 
curves are obtained in all three cases. This supports the view that the 
| inflections in the resistance curves accompany similar phase changes in all 
three cases, but that the stability of the emulsions formed from the sepa- 
rating phases increases progressively with dilution. 


&. Compositions of S and G Phases in Equilibrium 


_ Some analytical figures for equilibrium § and G phases selected from 

Table I are given in Tables IV and V. RSOs was determined by titration 
with cetyl pyridinium bromide, CsHu:NH3* by titration with alcoholic 
potassium hydroxide using phenolphthalein as indicator, and Cl- by Vol- 
hard’s method. Na+ was calculated from the above results and the condition 
for electrical neutrality of the phases. The figuresfor RSO,- and CsHii- NH3t 
in both Tables IV and V indicate a considerable enrichment of the liquid 
erystalline phase in both these species in either (S; + G) or (G + 82) sys- 
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TABLE IV 


Analysis of Equilibrium 8, and G Phases Produced When 1.6 ml. of Cyclohexyl- 
ammonium Chloride Solution (48.6% Weight/Total Volume) Was Added to aie 
of Undecane-3 Sodium Sulfate Solution (4% by Weight/Total Volume) at 19°C. 


Phase separation (in a thermostat) required about three days 


CuHes-SOs-, CeHu-NHf, Cr, Nat, 
Phase millimoles millimoles millimoles millimoles 
volume, ml. per ml. per ml. per ml. per ml. 
S: phase (upper) 35.5 0.084 0.063 0.113 0.134 
G phase (lower) 16.0 0.276 0.188 0.10 0.190 


tems. This recalls the results for the phaseanalysis in the anhydrous hydro- 
carbon/oleic acid/monoethanolamine system reported earlier (3). 


6. Nature of ‘Viscoelastic Solutions” of Amphiphilic Salts 


Typical S; and S, solutions of amphiphilic salts such as those considered 
above are isotropic and mobile Newtonian liquids. 

Liquid crystalline (G) solutions of amphiphilic salts are characterized by 
their anisotropy. They are frequently highly viscous (e.g., 20% aqueous 
solutions of tetradecane-7 sodium sulfate or Aerosol OT) but in some in- 
stances are readily pourable as with the liquid crystalline (sodium + 
cyclohexylammonium) undecane-3 sodium sulfate solutions shown in 
Tables I, IJ, and III. 

In addition to these well-defined types of solution, whose properties are 
qualitatively satisfactorily accounted for on the basis of micellar theory, 
there is a series of aqueous “viscoelastic soap solutions” (7) which are 
less well defined and whose properties have not, as yet, been satisfactorily 
accounted for. A characteristic of these “solutions” is that they show 
structural viscosity, their rheological behavior being strongly dependent on 
mechanical conditions. Some examples of such “solutions” are as follows. 

Viscoelastic solutions of ammonium oleate (1.5 ml. oleic acid + 50 ml. 
ammonia (specific gravity 0.88) + 950 ml. water, z.e., 0.0048N ammonium 
oleate + 15.3 g./l. excess ammonia) were examined by Hatschek and Jane 
(8) using a Couette viscometer. They found that when the outer cylinder 
was rotated at a constant angular velocity the torque on the inner one, after 
a short period of normal magnitude, increased to an irregularly fluctuating 
value many times greater. When such a viscoelastic solution is stirred round 
in a glass beaker and stirring is interrupted, the solution comes to rest 
much more rapidly than an ordinary solution and then reverses its direc- 
tion of motion, often for about a complete revolution. 

In contrast to solutions of ammonium oleate, dilute solutions of the more 
hydrophilic potassium oleate are normal mobile isotropic liquids. However, 
viscoelastic properties similar to those of the ammonium oleate solutions 
appear on addition of a soluble potassium salt. Thus the addition of 1.1 ml. 
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TABLE V 


Analysis of Equilibrium S, and G Phases Produced When 2.39 ml. of Cyclohexyl- 
ammonium Chloride Solution (48.6% Weight/Total Volume) Was Added to 50 ml. of 
Undecane-3 Sodium Sulfate Solution (4% by Weight/Total Volume) at (19° + 3°C.) 
Phase separation required about 14 days and occurred only when some variation in 
temperature was permitted 


CuHe3:SOr, CeHu -NHj, CE, Nat, 
Phase millimoles millimoles millimoles millimoles 
volume, ml. per ml. per ml. per ml, per ml. 
Se phase (upper) 35.0 0.125 0.153 0.164 0.1386 
G phase (lower) 17.4 0.170 0.185 0.165 0.151 


t of a solution containing 100 g. potassium acetate/100 ml. solution to 25 ml. 
t of a 1% solution of potassium oleate gives a viscoelastic solution similar 
) to the solution of ammonium oleate described by Hatschek and Jane. 
| Conversely, addition of 1 equivalent of potassium hydroxide to the latter 
| solution (7.e., replacement of NH,+ by K*) destroys its viscoelasticity and 
_ also eliminates the slight turbidity which is evident with the viscoelastic 
ammonium oleate solution. 
When a concentrated solution of potassium acetate or carbonate is 
; added to a mobile isotropic 10% solution of potassium oleate (8), a thick, 
_ apparently isotropic jelly is formed. This jelly, however, shows marked 
| birefringence if held between crossed polaroids and stirred with a glass rod. 

It was suggested by Lawrence (9) and further by Hartley (7) that visco- 
elastic properties such as those discussed above are due to the production of 
“secondary micelles” or aggregates of Hartley micelles (S:) through the 
formation of a crystal type of lattice between the polar groups on the sur- 
face of adjacent micelles, thus giving rise to (virtually) chains of liquid 
droplets. Such incipient crystallization of highly soluble salts, often at high 
dilution, seems, however, unlikely. It is more probable that the behavior of 
viscoelastic ‘‘solutions” is due to their constitution as intimate emulsions 
of S and G phases such as have already been considered in connection with 
Tables I, II, and III above. The emulsions in these tables, as well as the S 
and G phases themselves, were, however, all of low viscosity. 

The formation of liquid crystal G from an isotropic §; solution of an 
alkali metal soap may, in suitable circumstances, be brought about by: 

1. Fall in temperature. 

2. Increase in concentration. 

3. Substitution of alkali metal by a more lipophilic cation. 

4. Addition of inorganic salt. 
The progressive operation of any of these processes at first results in the 
production of 8; + G phases in equilibrium (cf. Tables I, II, and III). The 
equilibrium phases in certain instances, e.g., in Tables I and III, or with 
“Solutions” of tetradecane-6 and -7 sulfate of appropriate over-all concen- 
tration, separate fairly readily, but in other cases (cf., e.g., Tables II and 
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III) they form stable emulsions. The phases of these emulsions, besides 
differing little in specific gravity, are close to one another in refractive 
index so that the emulsions may appear clear or only slightly turbid. The 
rheological properties of these emulsions will depend on the phase ratio, on 
the droplet size distribution, on the form of the emulsion, 2.e., 8: in G or G 
in Si, on the viscosity of the phases (particularly of the continuous phase), 
and on the interfacial tensions which, in such systems, are invariably low. 
In the systems shown in Tables II and III the S and G phases and their 
emulsions are all rather mobile liquids. 

The behavior of the dilute ammonium oleate “solution” described above 
suggests that on stirring it forms a finely dispersed emulsion §; in G which 
reverts to a coarser (possibly multiple) dispersion of 8: and G on standing. 
The viscosity of the G-phase formed in solutions of alkane-1 salts is always 
high. 

The appearance of anisotropy when the jelly formed from the 10 % potas- 
sium oleate solution and potassium carbonate (p. 95) is agitated is paral- 
leled by the behavior of the 8, + Gand G + 8S, emulsions recorded in Tables 
I, IJ, and III. When such an emulsion is at rest, the particles of liquid 
crystal are in equilibration with the surrounding isotropic regions and, 
owing to the process of rotational diffusion, show no preferred orientation. 
The emulsion as a whole therefore appears isotropic. On stirring, orientation — 
of the liquid crystal particles may occur and anisotropy becomes apparent. 
This disappears more or less rapidly on removal of the disturbance. 

On settling out of the less stable (S + G) emulsions in Table I the lowell | 
phase (G) shows strong birefringence between crossed polaroid sheets, 
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Fic. 3. Phase diagram for potassium laurate/water/potassium carbonate system 
(after D. G. Dervichian, M. Joly, and R. 8. Titchen (10)). 
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_ whereas the upper phase (S; or Se) is isotropic. Presumably, orientation of 
' regions of the bulked G phase occurs during settling. On reagitating the 
settled phases, an almost clear, apparently isotropic emulsion is again ob- 
tained which shows streaming birefringence. 

The interpretation given in the preceding paragraphs receives support 
from an extensive study by D. G. Dervichian, M. Joly, and R. S. Titchen 
(10) of the rheological and optical properties of potassium laurate/water 
systems containing potassium carbonate or potassium chloride. Their re- 
sults for the systems containing potassium carbonate are reproduced in 
, Figs. 3, 4, and 5. The contour lines of equal viscosity have been plotted on 
a logarithmic scale indicating the very large effects observed. 

According to these authors “there is an exact correspondence between 

the four regions defined by viscosity and the four regions defined by stream- 
ing birefringence. ... With the systems studied the regions of Newtonian 
flow and of absence of streaming birefringence coincide. At the same time 

streaming birefringence only appears with systems showing non-Newtonian 
laminar flow.” 

It is suggested by Dervichian and collaborators that these “Variations 
in properties of the isotropic phase of the soap/salt water systems may be 
the manifestation of “transformations of higher order’’ within this phase.” 
It seems, however, that the behavior described is probably to be interpreted 
in terms of emulsions of S (S; or S:) and G phases as already suggested 
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_ Fie. 4. Contours of equal viscosity for systems in Fig. 3 (after D. G. Dervichian, 
M. Joly, and R. 8. Titchen (10)). 
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Fig. 5. Contours of equal extinction angles for systems in Fig. 3 (after D. G. 
Dervichian, M. Joly, and R. §. Titchen (10)). 


above. At higher soap concentrations these emulsions are unstable and 
actual phase separation occurs as indicated in Fig. 3. At lower soap concen- 
trations (as in Tables I and II) more stable emulsions are obtained and give 
rise to the phenomena under consideration. In Figs. 3, 4, and 5, on this 
interpretation, region I corresponds to an §; soap solution (R < 1, ¢@f. 
Fig. 1), region II to a stable emulsion §; + G (Rf in §; < 1), region IV toa 
stable emulsion of (G + 8; or S:) (R in § phase ~ 1), region III to a stable 
emulsion of (G + 8:2). The “nigre lye bay” at the lower right-hand corner 
of Fig. 5 corresponds to precipitation as a Type II system as in Table II 
(I and J). In the rather critical type of mixtures which probably occurs in 
region IV, rate of shear might be expected to exert a considerable effect on 
the actual phase ratio and construction of the phases just as in the case of 
the Type II systems in Tables I and II (p. 90 and 91). These effects may 
account for certain curious aspects of behavior noted for this region by 
Dervichian, Joly, and Titchen, concerning which reference to their original 
paper should be made. 

The effects of added water-soluble and water-insoluble (but polar) organie 
liquids on the viscosity changes occurring when potassium chloride is added 
to an aqueous solution of sodium oleate have been studied by Bungenberg 
de Jong and van Alphen (11). Some of their results are reproduced in Fig. 6. 

It is clear that addition of the water-soluble organic liquids displaces the 
line corresponding to AA (Fig. 4) to the right (and thus displaces the inter- 
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micellar equilibria (F ig. 1) to the left), whereas the water-insoluble liquids 
exert the opposite effect. Similar effects are produced with regard to the 
| formation of Type II systems. These results are those to be expected, on 
the theory given above, from the general influence of water-soluble and 
water-insoluble organic liquids on the intermicellar equilibrium (c¢f., e.g., 
Winsor (4, 12). 

It is clearly difficult to distinguish experimentally between a stable S/G 
emulsion and a single-phase system, and it appears likely that the identifica- 
tion of rather stable (S; + G) emulsions as systems of a single phase may 
have occurred in certain cases described in the literature. This seems, for 
‘example, to be probable with the “visibly turbid solutions” of n-hexadecyl 
trimethyl ammonium bromide investigated by Debye and Anacker by 
methods of light scattering (13) and would necessitate considerable modifi- 
cation of their theoretical conclusions. In more recent work of a similar 
nature by Anacker (14), dilute aqueous systems containing decyl trimethyl 
ammonium and octyl and decyl sulfonates were actually identified as emul- 
sions of greater or less stability. Although an investigation of the nature of 
the separating phases has not yet been made, these probably correspond to 
S and G. If this supposition is correct and is also applicable to the “visibly 
turbid” n-hexadecyl trimethyl ammonium bromide “solutions,” the optical 
esults obtained by Debye and Anacker and the dynamo-optical experi- 

ents of Backus and Scheraga (15, 16) should be reinterpreted in terms of 
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particle size and shape in $/G emulsions. However, to make such an inter- 
pretation one would presumably first need a determination of particle 
composition. This might possibly be achieved by X-ray measurements (2). 
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SUMMARY 


The phase equilibria and the underlying intermicellar equilibria in the 
system undecane-3 sodium sulfate/cyclohexylammonium chloride/water 
are discussed. Observations are described which are used as the basis for 
a general theory of the nature of ‘‘viscoelastic soap solutions.” 
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INTRODUCTION 


_ Investigations by electrical conductivity measurements of a variety of 
solutions containing amphiphilic salts have been described previously (1, 2). 
(In those investigations a high-frequency alternating source of current was 
ised as in the many measurements of the conductivities of aqueous amphi- 
dhilic electrolyte solutions published in the literature (3). The investigation 
xf aqueous solutions of amphiphilic electrolytes using a continuous poten- 
ial difference has also been reported in the literature in connection with 
‘he measurement of transport numbers (3). 

The present paper records experiments to determine whether evidence 
nay be detected of distortion (or orientation) under the influence of an 
ipplied potential difference of the various micellar forms present in solutions 
xf amphiphilic salts. Electrooptical effects have been found with liquid 
srystalline solutions containing amphiphilic salts (4). 


THEORY 


It has been shown previously (1, 2, 5, 6) that the behavior and phase 
»quilibria observed with solutions of amphiphilic salts (whether they con- 
ain water, water-soluble organic solvent (e.g., ethylene glycol), water- 
nsoluble organic solvents (e.g., hydrocarbon), or mixtures of these in the 
nost varied proportions) may be accounted for on the basis of the balance 
vithin them of an intermicellar equilibrium which may be represented 
liagrammatically as in Fig. 1 of the preceding paper. 

The following considerations may be advanced on the deformation effects 
vhich might be expected with each of the idealized micellar forms shown, 
imder the influence of a sufficiently strong electrical field. 

1. S;-Micelle. This form of micelle is perhaps most typically developed 
n the mobile isotropic aqueous solutions of amphiphilic electrolytes at con- 
entrations not too greatly above the “critical micelle concentration” (7). 
"he micelle carries a net electrical ionic charge and should therefore migrate 
n an electrical field. This migration has been demonstrated by measure- 
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ments of transport numbers (3, 7). The resting micelle is isotropic, butl 
since it is of a fluid character (7), if migrating sufficiently rapidly it is con} 
ceivable that it would be distorted by shear and become elongated, orien 
tated, and anisotropic. It should be remarked, however, that streaming 
birefringence does not appear to occur with most isotropic solutions 0 
amphiphilic electrolytes. 

2. G-Micelle. These micelles form the liquid crystalline solutions or gel 
(G) of amphiphilic salts which may be obtained in water, in organic solvent 
or in mixtures of these (1, 2). The micelles have the same composition as thé 
solution as a whole (8) and are potentially coextensive with it. However} 
except in so far as uniform orientation by flow has taken place, the orien 
tation of regions of the micelles within the solution will vary. | 

Consider two regions of liquid crystal arranged as at I(a) and 1(b) (Fig) 
1) between two electrodes. If a potential difference is now applied to the 
electrodes, these regions will be affected differently. 

(i) In the case of I(a) some alteration in the mean alignment of the 
(liquid) hydrocarbon chains relative to the polar surfaces within the liquid 
crystal might be expected, producing II(a). With I(b) no such change would 
be likely (II(6)). Since the hydrocarbon chains differ in refractive index 
along and across their long axes, a change in refractive index along XY} 
would occur at (a) but not at (6). This differential change might produce 
turbidity. 

(ii) The transport numbers of the amphiphilic ion and counter ions rela- 
tive to the electrodes would probably be different for regions of liquid erys- 
tal such as I(a) and I(b) (Fig. 1), which are differently aligned with ae | 
to the applied field. On continued application of a potential difference (p.d.) 
this might lead to local heterogeneity and thus produce turbidity. | 
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Fia. 1. Possible effect of an applied p.d. on differently oriented regions of liquid 
crystal (4). 
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EXPERIMENTAL 
A. Qualitative Experiments 


The following preliminary experiments were carried out to see what evi- 
dence for the effects suggested above could be obtained qualitatively. 

1. S:-Micelles. It was thought that the most readily deformable §, mi- 
celles might be found in §; solutions whose composition was close to that at 
which the phase transition S, > (S, + G) occurs (Fig. 1 in preceding paper). 
_ With this composition R is approaching unity, and it might be expected 
that a convex micellar surface could readily be deformed towards the 
planar form under the influence of shear. For these reasons a solution was 
? prepared containing undecane-3 sodium sulfate (10% by weight/volume) 
) to which cyclohexylammonium chloride (48.3% by weight/total volume) 
had been added until the transition S, — (S,; + G) was almost reached (2). 
This solution, contained in a narrow-bore U-tube, was electrolyzed between 
) platinum electrodes using a rectifier generating potential differences (p.d.) 
{ up to 700 v. With the p.d. adjusted to give vigorous gassing at the elec- 
i trodes, no sign of birefringence could be obtained when the experimental 
} sample was observed between crossed polaroid sheets. It was therefore 
' concluded that in this system and under these conditions the possible ap- 
pearance of anisotropy visualized under (1) “Theory” above is not realized. 
2. G-Micelles. The following liquid crystalline solutions were investigated: 
» (i) Tetradecane-7 sodium sulfate 20% by weight. (ii) Tetradecane-7 potas- 
» sium sulfate 20% by weight. (iii) Pentadecane-8 sodium sulfate 3.1% by 
weight. (iv) Aerosol OT 20% by weight. (v) A series of liquid crystalline 
| solutions obtained by adding cyclohexylammonium chloride solution 
(48.6 % by weight/total volume) to aqueous solutions of undecane-3 sodium 
sulfate of 1%-10% concentration. (vi) The liquid crystalline solution (6) 
| containing undecane-3 sodium sulfate (5 ml. 20% by weight), hydrocarbon 
' B (5 ml.), and octanol-1 (1.2 ml.). 

In all cases a turbidity appeared at once on applying a potential difference 
of 20-40 v./cm. 

If the p.d. was applied only for a short time (e.g., a fraction of a second) 
the turbidity disappeared when the p.d. was removed. If the p.d. was ap- 
| plied for a longer time (e.g., half a minute), on its removal the main turbid- 
| ity disappeared at once as before, but there was also a residual turbidity 
| which was more persistent. It seems possible that the less persistent tur- 
i bidity may be accounted for according to 2(i) under “Theory,”’ whereas the 
} more persistent turbidity may arise according to 2(ii). There is, however, 
| an element of doubt about the completeness of this interpretation since the 
| turbidity still appears in regions where, on other grounds, it is thought that 
uniform orientation of the liquid crystalline solution occurs. Thus if a layer 
of a liquid crystalline solution from the series under (v) above is included 
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between a cover slip and microscope slide, it is highly probable that the 
lamellae become oriented parallel to the plane glass surfaces. Application of 
a p.d. at opposite edges of the cover slip (7.¢., as at II(a), Fig. 1) produces 
turbidity. The change I(a) to II(a) would correspond to a change from a 
uniaxial to a biaxial liquid crystal, but it is not clear how such a change 
could result in the appearance of turbidity. 

When in the example described, the continuous p.d. was replaced by a 
similar alternating p.d. from the mains supply (50 cycles per second) no 
turbidity appeared. No visible turbidity was produced when isotropic Si 
and S,» solutions were subjected to a continuous p.d., even when the iso- 
tropic phase formed the upper layer of a conjugate pair of S + G phases in 
equilibrium. In this case production of turbidity was confined to the liquid | 
crystalline phase. 

When subjected to shear, liquid crystalline solutions readily become ori- | 
entated. The orientation is evident in X-ray diagrams (9) or in samples 
held between crossed polaroid sheets (10) and is semipermanent. From ob- 
servation between crossed polaroid sheets of liquid crystalline solutions 
under the influence of a continuous p.d., it appears unlikely that the result- | 
ing turbidity was accompanied by any rearrangement of the orientation of | 
the liquid crystals within major tracts of the solution. | 

3. S_-Solutions. The experimental method was similar to that used with | 


S: solutions. Results obtained were again negative. 


j 


B. Quantitative Experiments | 


Because of the qualitative results obtained with the liquid crystalline} 
solutions described above, further more quantitative experiments were 
made using the undecane-3 sodium sulfate/cyclohexyl ammonium chlo-! 
ride/water system discussed in the preceding paper. 

1. Relation between Applied Potential Difference and Turbidity. Rate of} 
Decay of Turbidity. These relationships were investigated using the liquid | 
crystalline solution obtained from 100 ml. undecane-3 sodium sulfate solu-} 
tion (10% by weight) and 7 ml. cyclohexylammonium hydrochloride solu- 
tion (48.6% by weight/total volume). To permit measurements of the} 
turbidity produced, a cell (Fig. 2) was used which could be inserted on the! 
E.E.L. absorptiometer (Evans Electroselenium Ltd., Harlow, Essex). The 
approximate constant of this cell was 28 and its resistance when charged 
with the above solution was about 3000 ohms. Some results obtained are: 
shown in Fig. 3. The potential differences (from a high-tension battery) 
were applied for a period of 30 seconds only, since this was found sufficient} 
to reach the approximate maximum turbidity. Longer application resulted) 
in undue heating of the experimental samples. 

The rate of growth of turbidity was too rapid for accurate observation. 
It is, however, by no means instantaneous. This was shown by reversing} 
the applied potential difference, varying the frequency of reversal using a, 


ELECTRICAL-OPTICAL EFFECTS IN LIQUID CRYSTALLINE SOLUTIONS 105 


20 #” 60 80 100 
INITIALLY APPLIED P.D. 


VARIATION OF TURBIDITY 
p.d. 


WITH APPLIED 


& 
z 
a 
s 
GLASS SEPTUM, DIVIDING = 

TUBE INTO TWO SEMI- G4 
CIRCULAR SECTIONS r 
° 
g 
PLATINUM % 

ELECTRODES uw 

20 

THE DECAY OF TURBIDITY AFTER 
REMOVAL OF APPLIED p.d. 
10 
i) 20 40 60 80 100 120 140 160 180 200 
p.d. TIME AFTER INITIAL APPLICATION OF 
REMOVED POTENTIAL DIFFERENCE 
Bia. 2 1 femes) 
Fie. 2. Cell for observation of turbidity; for use in conjunction with E.E.L. 
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Fic. 3. Turbidities produced on application of potential differences (p.d.) to a 
liquid crystalline solution containing undecane-3 sodium sulfate (10% by weight, 100 
ml.) cyclohexylammonium chloride (48.6% by weight/total volume, 7 ml.). 


Marconi beat frequency oscillator with a Telephone Mfg. Co. Ltd. relay 
Tube 5PA 18A connected to two high-tension batteries of suitable (equal) 
voltage. To ensure that there was no net unidirectional passage of current 
a condenser (capacity 8 uf.) was included in series with the cell for fre- 
quencies above 20 cycles per second. For lower frequencies this condenser 
was omitted. 

| Using +48 v., frequencies above about 10 cycles per second gave no 
measurable turbidity on the E.E.L. colorimeter. With +48-v. half cycles 
(100/second), a maximum deflection of 15 was obtained, while with 48 v. 
applied continuously a maximum deflection of 35 was reached. By direct 
visual observation a just perceptible turbidity occurred at +48v. at 50 
cycles per second. At +120 v. there was a just perceptible turbidity at 
about 150 cycles per second. 

3. Relation between Micellar Constitution and Production of Turbidity. The 

systems in Table II (previous paper) represent a rather closely related 

series in which the intermicellar equilibrium and phase changes are gradu- 


ally displaced to the right. 
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Using an applied potential difference of 120 v.: A and B gave no tur- | 


bidity. 
C gave a turbidity rising to about 16 units. 
D 6c “ce “cc “ (7 33 (73 
E ce ke (73 cc “ (73 45 “c 
F “cc “ “ “ (73 “cc 25 “cc 


G on first application of a p.d. gave a maximum deflection of 45 units, | 
but on reapplication gave no deflection. However a deflection similar to the 
original was obtained after cooling on reapplication of the p.d. | 

H, I, and J gave no measurable turbidity. | 

These results demonstrate clearly how specific the electrooptical effect | 
is for the liquid crystalline phase. The two different successive results with | 
sample G (which were obtained on a rather cool morning) must be attrib- | 
uted to the effect of the heat produced by the applied current in displacing | 
the intermicellar equilibrium and phase changes to the right. The effect of 
cooling confirms this view. On cooling sample G it shows permanent bire- 
fringence, and in this condition alone it shows a marked electrooptical | 
effect. In emulsified systems containing G and §; or 8S: one would expect the | 
turbidity generated on application of a p.d. to be regulated by the propor- | 
tion of the current carried by the G phase. This will be governed by the | 
emulsion type (S: in G or G in §;), by the form of the dispersed phase, and 
by the relative conductivities of the two phases. In the above series, | 
whereas the 8, + G emulsions give marked turbidity on application of the | 
potential difference, the G + S. emulsions remain clear. 
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SUMMARY 


Electrical-optical effects are described which are shown specifically by | 
liquid crystalline solutions of colloidal electrolytes. Theoretical speculations | 
are advanced concerning the origins of the observed effects. 
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ABSTRACT 


A quantitative investigation of the diffusion of atmospheric ions onto spherical 
particles is reported. Special emphasis is given to random charging processes. The 
analysis shows that in typical cases about half of the particles are positively charged 
and the other half negatively charged. Nearly every particle carries at least one 
electronic charge and some twenty or more. Expressions are developed for the sta- 
tistical distribution of the fractional number of droplets in relation to their charge. 
When particle collisions are infrequent, the average free charge of the positive and 
negative fractions depends only on the square root of the radius and the mean thermal 
energy of each droplet. It is shown that an equipartition is established between the 
electrical potential energy of each drop and its thermal kinetic energy. Typical particle 
electrification somewhat increases the coagulation rate normally attributable to 
diffusion alone. Systematic droplet electrification of a selected sign is superimposed 
on this random charging if the positive and negative light ion conductivities of the 
environment have appreciably different values. The calculated distribution and aver- 
age charge magnitude agree with those observed on silica dust and new measur- 
ments on cloud particles. 


I. InTRODUCTION 


A number of the basic problems of modern atmospheric physics are 
related to the electrical charges normally observed on cloud droplets, dust, 
and rain. The origin of this electrification has been obscure and the magni- 
tude and distribution of the charges uncertain. It is well established that 
many solid dusts dispersed in the atmosphere are highly electrified and 
that this electrification plays some part in determining the effective 
coagulation rates. It has been surmised that cloud droplets have similar 
properties. However, the frictional contact usually invoked to describe 
the origin of charges on solid dusts does not appear applicable to cloud 
droplets, and appeal to direct measurement is required. Preliminary 
measurements of the charge on individual cloud partices are reported 
herein, and these correspond roughly with earlier measurements on solid 
aerosols. It is a fair inference, therefore, that the basic electrification 
processes have a common origin and are not related to frictional contacts 
between colliding elements. The present investigation shows that the 
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mechanism principally responsible for the electrification of small non- 
associating cloud droplets and for aged aerosols is the diffusion of natural 
atmospheric ions onto the suspended particles. The electromechanics of 
the larger cloud droplets is more complex. 

With the object of establishing a better understanding of droplet charg- 
ing mechanisms in the atmosphere, a theoretical and experimental study 
of the systematic diffusion of ions onto droplets has recently been com- 
pleted (2). Reliable expressions for the average charge on atmospheric 
droplets were obtained which show a dependence upon the ionic charac- 
teristics of the environment, the droplet size, and the rate of fall. This 
theoretical investigation also provided expressions for the rate of combina- 
tion of ions with suspended drops that now permit a calculation of the 
statistical distribution of droplets in relation to the net electrical charge 
that they carry. The earlier paper, which worked out the systematic charge 
transferred to droplets by ionic diffusion, and the present one, that ex- 
amines the distribution of the accumulated random charge, both assume 
(1) that the space charge outside the droplet is so disperse that its influence 
on the ionic motions may be neglected; (2) that every ion striking the 
surface of a droplet or particle will be held by the image forces, and, there- 
fore, the droplets may discharge only by capturing an ion of the opposite 
sign; and (3) that selective capture due to quasicrystalline double layers 
may be ignored. Assuming the well-established laws of diffusion and ion 
motions in an electric field, the average systematic charge carried by a 
spherical droplet in the atmosphere was shown to be given by 


Qo = [1+ F(aVe/2rkTu)"”| [ee ine ze) 
e Nae 


[1 — exp — (4re(N,u, + N_u_)t)] 


[1] 


where 


qu Niuy + Nu (2] 
Ni + No 


In these relations, N and N_ are the ionic densities of the positive and 
negative light ions in the environment, u4 and u_ are their mobilities, a is 
the droplet radius, V is its velocity of fall, e is the electronic charge, k is 
the Boltzmann constant, 7’ is the absolute temperature, ¢ is the time, and 
F is a dimensionless constant closely approximating unity. Equations 
[1] and [2] have been checked experimentally (3). For reasons outlined in 
reference 2, Qo in Eq. [1] can never exceed 4kTa?/m eL, where L is the 
mean free path. 


The effective charging time, 7, for a droplet by Eq. [1] is approximately 
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tT = 1/4re(Niu, + N_u_). [3] 
In ordinary air the charging time is of the order of 400 seconds. 


‘II. Tae Ranpom Evecrrirication or CLoup DROPLETS IN AN IONIZED 
ENVIRONMENT 


It is well known that the electrical conductivity of the air is maintained 
by cosmic rays or radioactivity which systematically produce a continuous 
supply of ion pairs. Assume that these new ions maintain N + and N_ 
positive and negative light ions per unit volume in a given region and 
that their average thermal velocity is C, and C_, respectively. Now, if 
there are a number of cloud droplets present, it is clear that, as a result 
of thermal agitation and diffusion, the number of positive ions striking a 
droplet in a given time will be proportional to N, C',, and the number of 
negative ions colliding will be proportional to N_C_. Suppose that the 
number of positive ions striking a group of droplets is exactly equal to the 
number of negative ions striking them. Then, many of the droplets will 
remain neutral, but this is purely a result of chance. The laws of proba- 
bility show that many ions of a single sign will collide with a fraction of 
‘the droplets and hence build up charges of considerable magnitude. Some 
of the droplets will be positively charged and an equal number will be 
negatively charged. A distribution of droplet numbers in relation to their 
charge is ultimately established. 

It has been found possible to work out in detail this distribution of 
droplet frequency in relation to the charge they carry, provided the num- 
ber of collisions of ions with the droplets is very large. This requirement 
is fully met by drops or dust particles immersed in the ionized air of the 
earth. It should also be clear that if the ionic density of one type of ion 
exceeds that of the other, or if its thermal velocity is greater than the 
other, so that ions of a single sign collide oftener with a given droplet than 
do those of opposite sign, then the distribution curve of charge will be dis- 
placed towards the sign of the ion that collides most frequently. 

A mathematical investigation that considers the probability of an ion 
striking a given droplet and the influence of the drop charge on this prob- 
ability leads to the conclusion that the resulting distribution of drops and 
charges approximates the normal Gaussian Law. To avoid a tedious 
mathematical discussion, it is convenient here to assume that a Gaussian 
distribution is established and work out the constants for the distribution 
by a direct comparison with the physical requirements. 

_ According to the Gaussian distribution law, the frequency of occurrence, 
F,, or number of droplets or solid particles in a given class width, w, is 
expressible in terms of the total frequency or number of droplets, F'., by 


po Pe a pesces 4 [4] 
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where « — y is the deviation of the independent variable from its mean 
value y, and o is a constant known as the standard deviation. Since we 
are interested in finding the fraction of cloud droplets that carry a given 
number of elementary charges, it is natural to identify x with the number 
of positive elementary charges carried by a droplet, and y with the average 
number of elementary charges carried on all the droplets. Accordingly, the 
class width, w, is taken as unity, and the droplet charge as ze. Thus, from 
Eq. [4], the ratio of the number of droplets carrying x + 1 elementary 
charges to the number carrying x charges can be written as 


exp E (2? + Qa +1 — Qry — 2y + | 
nee ; 5] 
i exp es Lg? = Qy + | 
o 


which may be rearranged and partly expanded to yield 
Fag {poms t ey | 
Page, E 20° ‘i 84 sat ce [6] 


where o? and y are constants yet to be evaluated from the basic physical 
interpretation. «6 
By good fortune, one may also calculate the ratio given in Eqs. [5] and 
[6] from the combination coefficients of atmospheric ions on spherical 
particles. In order to do this, it is noticed that the distribution of droplets 
carrying different numbers of elementary charges represents a steady 
state and, hence, does not change with the time. Under such circumstances, 


one may appeal to the principle of detailed balancing at equilibrium that. 


is frequently employed in statistical mechanics (4). This principle requires 
that in a given interval of time, the number of cloud droplets or particles 
that capture a negative ion and, hence, move out of the group of droplets 
carrying (t + 1) elementary charges and into the group carrying zx ele- 
mentary charges, must be exactly equal to the number of droplets carrying 
a charge xe which is moved into the group carrying a charge (x + 1)e, by 
the capture of a positive ion. This requirement is obviously a statistical 
one, and instantaneous deviations normally occur. 

In an immediately preceding paper, the rate of capture of ions dif- 
fusing onto a spherical particle carrying an arbitrary charge has been 
derived and is immediately applicable to the problem before us (2). Thus, 
directing attention to the numbers of ions and drops in a unit volume, one 
may write from the above principle: 


dN dN_ 
( 7 Sf Megs Ni iil = (4) = (241) IN F e41) (7] 
z dt / (+1) 
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where F, and F,,; are the number of droplets per unit volume carrying x 
and (x + 1) elementary charges, respectively, and 7,, and n-(2+1) are the 
combination coefficients for the positive and negative ions, respectively, 
when combining with droplets carrying charges of xe and (x + 1)e. Using 
the relatively exact expressions for these combination coefficients as given 
by reference 2; one may write 


4k TauN .F, 


x oo x e 2 
1 +3 (on) +2 (Sa L: a 


a AtkTau_N_ F241 
_@+1) c) eto (ey. | 
e[1 2 (5 ere aera Pa 


The distribution of droplets as a function of the number of elementary 
charges may be directly deduced from this relation by a step by step 
development. However, it is more convenient to divide one series by the 
other and compare it with the Gaussian relation of Eq. [6]. Thus, re- 
writing Eq. [8], one has | 


[8] 


ie Ae 2 
Qn +1 (a+ He + 4) 


ON is aa 9 cay (si) [9] 
e 8 e 


Now, a comparison of this expression with that of Eq. [6] shows that the 
equilibrium is essentially Gaussian and a very good approximation, pro- 
vided akT/e? >> 1. Moreover, the relations show that the undetermined 
constants, ¢ and y, should be replaced by 


[10] 


and 


@ Niu At 
(5) = [dep] = wat i 
where \, and \_ represent the positive and negative light ion conductivi- 
ties, respectively. A brief examination will show that this latter relation 
is equivalent to Eqs. [1] and [2] when the droplets are cloud- or dust-like 
and the velocity of fall, V, approaches zero. It is apparent, therefore, that 
the Gaussian equation is directly applicable to cloud and dust electrifica- 


tion problems. ; 
| According to Eq. [4] and the requirements of the above relations, the 
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distribution of the number of droplets having charges of x elementary 
units and immersed in an environment in which the positive and negative 
ion conductivities are \;. and \_, respectively, is given by 


re [~~ (eae) | Fj 


on V/ QrakT te | 9 (=) | ; 


e2 


This is the fundamental relation of cloud droplet and aerosol electrifica- 
tion and includes both the statistical and systematic charging effects. 
The character of these estimated distributions is evident in Fig. 1, where 
curves are given for droplets of different radii. 

A number of important quantities may be estimated from the above 
distribution function. For example, the fraction of all droplets carrying 
zero charge is, evidently, 


akT Ay ; 
a [-() 2) | a 
Fo ora: a| QakT i} 

e 


Thus, in a cloud where the positive and negative conductivities are equal 
(Ay = d_), one finds that the fraction of drops that are neutral is the co- 
efficient of Eq. [13], and this may be compared directly with observations. 
For example, the reader may verify, by substituting appropriate quanti- 
ties, that 99% of the atmospheric droplets of radius greater than 10-? 
cm. will carry at least one elementary charge. On the other hand, a droplet 
or dust particle of radius 10-* cm. will seldom carry even a single ele- 
mentary charge. 

Another quantity that is important in the investigation of dust and 
raindrop charging is the average number of elementary charges carried 
by the positively charged droplet fraction. Now, if the positive and nega- 
tive ion conductivities are equal, the average number of elementary 
charges on the positive droplets, #,, is numerically the same as that on 
the negatives and both are given by 


io-aad | P dx = [ex lee dx = 4/ tae [14] 
Tol gens nal femlelak Ts Qe?’ 
where Fo is the number of droplets that carry zero charge. This corresponds 


to the coefficient of Eq. [13]. The average charge carried by both the 
positive and negative fractions of the cloud drops is, therefore, 
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Fie. 1. Distribution of the fractional number of droplets in relation to their 
charge and radius as estimated from Eq. [12] with \, = _. q is the mean statistical 


_ charge, irrespective of sign, calculated from Eq. [15] and expressed in terms of the 


elementary electronic charge. 


This relation is an exceedingly simple, but important, result, since it shows 
that the mean statistical charge on a nonassociating atmospheric particle 
depends only on the square root of the radius of the particle and its mean 
thermal energy. It should be noted that Eq. [15] assumes that the positive 
and negative ionic conductivities are equal. If they are not equal, the 
distribution curve will be displaced in such a way that Gg, ~ g_, and the 
mean random charges must be calculated directly from Eq. [12] by a 
series integration. 

As an interesting corollary of the investigation, one may write Eq. 
[15] as 


+ = Ter. [16] 
Since a is essentially the electrical capacity of the droplet, the terms on 


the left-hand side represent the droplet’s stored electrical energy, while 
kT is its probable thermal kinetic energy. Thus, there is an equipartition 


between the electrical and mechanical energies of the droplets when 
- equilibrium is reached. 
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The charge per unit mass on cloud drops is of some importance in 
describing raindrop charges. Therefore, by use of Eq. [15], one finds 


fp oe ee ce [17] 


m m 32ra®d =m’ 


where G,/m is the average specific charge carried by the positive cloud 
droplets, and d is the bulk density of the droplet or particles. By substi- 
tuting numerical values in Eqs. [15] and [17], it is found that a typical cloud 
droplet of radius 5-10-4 em. carries 11 elementary charges, and this cor- 
responds to a specific charge of nearly 11 esu/g. Such charges will be 
shown elsewhere to be important in describing raindrop electrification. 

The above discussion emphasizes the electrification transferred to a 
large number of cloud droplets by the random collision of positive and 
negative ions known to exist in the atmosphere. These ions are constantly 
replenished at a rate of something like 10 ion pairs/cm.?/sec. by cosmic 
rays and radioactivity. Therefore, the process of droplet or dust electrifica- 
tion is a continuing one, and a large amount of free charge is transferred 
to a cloud in an hour or so. A large fraction of the free charge separated 
by the cosmic rays is neutralized by the random character of the collision 
of the ions with the droplets. On the other hand, the above arguments 
indicate that a considerable fraction of the separated free charges appears 
as a mixture of positive and negative droplets constituting the cloud. 


Ill. Tue Inir1Au CoaGuLaATION RATE FoR SMALL ELECTRIFIED PARTICLES 


A complete analysis of the coagulation mechanics of electrified particles _ 
is quite beyond the scope of this paper. It appears that the controlling 
processes depend critically upon the particle size and the degree of size 
uniformity. At least three different regimes are evident, and one considers 
here only the simplest case where the particles are uniform in size and 
smaller than 2 X 10-4 cm. radius, but larger than the mean free path. 
Under these special conditions, one may work out the coagulation con- 
stant. Expressions for the rate of combination of ions with spherical 
droplets have been derived in reference 2 and used in Kq. [8] above. These 
expressions are related to those derived long ago by Townsend (5) but are 
complete and have been freed of his limiting boundary assumptions. 
These relations are applicable to the transport of charged particles of an 
aerosol, provided diffusion and particle space gradients play a significant 
role. From Kq. [37] of reference 2, one may write 


judg SrkTuaN 4? 


Saarn LQ) pile fidgnt [18] 
o(1+5 28 +3 (92) + ete.) 


ELECTRIFICATION BY DIFFUSION NS 


where Eq. [37] has been doubled because the relative mobility of two 
identical particles is twice that of a massive particle interacting with a 
single one. It may be noticed that when Q and ¢q are of opposite sign, the 
terms in the series alternate in sign. Moreover, since the magnitude of Qq 
on an average particle is given by Eq. [15], one may substitute its value 
in the series which yields immediately a convergent numerical series. 
When ions of the same sign interact, the value of the series approximates 
2.42, but if they are of opposite sign, the series has the value 0.50. Thus, if 
n’ is the viscosity of air, the mobility of the particles is 


Be pene [19] 


Substitution of this in Eq. [18] leads to the well-known Smoluchowski 
expression for the coagulation rate when the particles are not electri- 
fied, or 


dN  AkT 2 
pon ad roe 20 
For interacting particles carrying electrical charges of the same sign, 
Eq. [18] leads to 
dN, pe 2 
——- = 0. N 21 
a = Oat | ar | Ns (21) 
and for interacting particles of opposite sign, 
dN AkT 
— — = 2.0| ——|N,N_. 22 
alee se 


The reader may verify from Eq. [13] that nearly all the particles will 
carry a charge so that N, = N_ = N/2, nearly. Therefore, 


aN 4AkT 2 
a (eae Ee |p INS, 23 
() 12 ($7) mu 


The electrification of the particles therefore, increases the coagulation rate 
by about 20%. By considering the basic equations, one may demonstrate 
that the coagulation due to electrical forces alone is 


aN T 4kT 2 
OAS N’. [24 
dt 4 (# ) 


Since the electrical coagulation constant is approximately the same size 
as that due to diffusion, it will be seen that particle electrification plays 
some part in the coagulation of aerosols. A more detailed study of the 
phenomena in actual clouds will appear in another paper. 
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Fic. 2. Distribution of the fractional number of droplets in relation to their 
charge. Observed data on 250 cloud droplets given by dashed curve. Solid curve is 
calculated from Eq. [12]. 


TV. OBSERVED ELECTRIFICATION OF CLOUD DROPLETS 
AND POWDERED SILICA 


Measurements of the electrical charges carried by some 250 laboratory- 
produced cloud droplets are summarized in Fig. 2. This curve was made 
available through the kindness of Mr. Russell H. Woessner of this Divi- 
sion, who will report presently on a more complete set of data. The 
droplets of Fig. 2 were produced in an experimental cloud chamber where 
the ionization of the air was maintained by radium at a sufficiently high 
level to insure that equilibrium charges were established on all droplets. 
The dashed curve represents the observed data, and the solid line is plotted 
according to Eq. [12]. The average charge on the positive droplets was 
5.15 e, while that on the negatives was 5.21 e. More positive droplets were 
observed than negatives, and the mean excess positive charge was 2.2 e. 
The average radius of the droplets, as determined from their individual 
falling velocities, was 1.15 X 10-4 em. The relation of these data to the 
theoretical values shown in the solid curve will be discussed in a later 
paragraph. 

While cloud droplet data are particularly suited to test any theory of 
particle electrification, numerous other measurements of the charge 
distribution for silica dust dispersed in the air are available. For example, 
Gillespie and Langstroth (1) have reported on the charge distribution 
resulting from the dispersal of some 30,000 powdered Vycor particles 
having a “median diameter less than 1 micron.” They give information 


0.16 5 | 
0.14 t es ee 
0.12 1 4 
- \ | 
0.10 \ 
\ 
u“lu” 0.08 -- —. | 
\<— CALCULATED 
ve \| i 
: \ 
tb 
0.04 * | 


0.02 


-8 -6 -4 -2 ie) 2 4 6 8 
NUMBER OF ELEMENTARY CHARGES 
Fig. 3. Silica dust particle distribution in relation to the electrical charge (from 
Gillespie and Langstroth, ref. 1). Solid curve represents their observations. Dashed 
curve is calculated from Eq. [12]. 
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PARTICLE RADIUS IN MICRONS. 

Fig. 4. Mean charge, irrespective of sign, for particles of different radii. Solid 
line from ref. 1. Broken curve from Eq. [15]. 
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on the distribution for various ages, but because the electrification due 
to the method of dispersal might persist for more than an hour, the data 
reproduced here for comparison are for dust that has been aged more 
than 3 hours. These data are shown in the solid line in Fig. 3. In a similar 
way, their determination of the relation between apparent radius and the 
average charge is given by the solid line in Fig. 4. 


V. Discussion 


An examination of the curves of Fig. 1, which are plotted directly from 
Eq. [12], assuming equal positive and negative conductivities, shows that 
the distribution of charges are symmetrical and that the fraction carrying 
zero charge increases notably as the droplet radius decreases. For example 
90% of the cloud droplets of radius 10-4 cm. carry at least one elementary 
charge, while the mean charge irrespective of sign is 5 e. Charges of such 
magnitude will obviously modify the collision processes when one droplet 
approaches another. Moreover, a short calculation shows that this random 
electrification plays an important role in determining the electrical proper- 
ties of rain formed by the association of many cloud particles. This complex 
subject will receive quantitative examination in contemporary meteorologi- 
cal publications. 

The frictional or collision processes, usually invoked to describe the 
electrification of dusts, cannot be used to describe the electrification of 
water and cloud droplets because such collisions would result in associa- 
tion, and, hence, precipitation. However, it is interesting to note that 
simple ionic diffusion can transfer ions to any kind of an aerosol, and, 
indeed, if the aerosols are so dispersed that collision between particles is 
infrequent, then the only obvious way that charge can be maintained on 
an aged aerosol is by some such ionic transfer process. Because of this 
situation, it is of interest to compare the estimated electrification that 
seems applicable to cloud droplets with the charges normally observed 
on dusts. 

The solid curve of Fig. 2 describes the distribution of charged droplets 
in a cloud according to Eq. [12]. Because of the small size of the sample, 
the observational scatter about the computed value is large. The mean 
estimated random charge is found to be 5.6 e. Superimposed upon this 
random charge is a systematic one of 2.2 e, suggesting that ionization 
processes in the cloud chamber and diffusion of ions to the wall maintain 
an excess positive conductivity of about 12%. There is little doubt but 
that a larger sample would have given better agreement with the theory, 
but the general agreement is considered satisfactory. 

Data on cloud droplet charges are difficult to obtain experimentally, and 
it seems worth while, therefore, to compare the theory leading to Eq. [12] 
with available silica dust data. The image forces acting on ions close to a 
silica particle are known to be smaller than those on a water droplet, but 
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/ a short calculation will show that at atomic distances the attachment 
) energies are much greater than the thermal energy, and therefore, ions 
f are not at all likely to be re-emitted from a silica particle (Eq. [30], ref. 2). 
| Except for the departure of dust particles from a spherical shape, every 
| other requirement of the analysis appears to have been met, so one might 
reasonably expect the above theory to agree with Gillespie and Langstroth’s 
measurements. In Fig. 3, the solid line is a plot of their measurements and 
| the dashed curve is the value calculated by Eq. [12], assuming a mean 
diameter of 1 » (a = 5 X 10-° cm.). The agreement with observation is 
| satisfactory. One notices, however, that the observed curve is displaced 
| toward negative charges by about one elementary charge. This is to be 
» anticipated, since Eq. [12] predicts such a displacement when the ionic 
conductivities are not exactly equal. It may be recalled that ion pairs 
{ are always produced in any ionization process and that in clear dry air the 
} mobility of the negative ion is some 40% greater than that of the positive. 
| Thus, in clear air, the negative conductivity could exceed that of the 
: positive ions by 40%, and the distribution would be displaced toward 
| negative values by about 5.5 units. Even though many dust particles are 
| present to capture both ions, it is not unreasonable to expect that a slight 
* asymmetry of conductivity will still persist. A 12% excess of negative 
' conductivity within the silica dust cloud will account for the observed 
_ displacement toward negative values. 

As a final test of the present analysis, the observed relation between the 
effective radius of the silica particles and their mean random charge has 
been plotted in Fig. 4. Gillespie and Langstroth plot a linear solid curve 
connecting the quantities. However, it may be seen that the dashed curve 
representing Eq. [15] gives nearly as good a representation. Indeed, one of 
_ their published curves for dust particles, not so aged, shows a relation 
just like that estimated. 

The comparison between the present analysis and actual measurement 
is favorable to the belief that clouds of water droplets smaller than 2 X 
10-4 em. in radius and dispersed dusts of solid material acquire a random 
' distribution of free charges by ionic diffusion. If this is correct, then it 
' follows that the electrification of particulate matter in the atmosphere is a 
| universal, widespread phenomenon, bearing directly on a number of basic 
| weather processes. Some of these matters will be discussed in subsequent 


| papers. 
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LETTERS TO THE EDITORS 


ERRATA TO “VISCOSITY AND ELECTROVISCOUS EFFECT OF 
THE AglI SOL. II. INFLUENCE OF THE CONCENTRATION OF AglI 
AND OF ELECTROLYTE ON THE VISCOSITY” (1) 


Mr. P. Mukerjee of the University of Southern California has drawn 
our attention to an error in Table III (p. 76) of the above-mentioned 
paper (1). The calculated values of the correction factor f from the modi- 
fied Einstein equation 


ara = 1+ 2.5¢ (+f) (1] 


as given in columns 4-7 of Table III should be multiplied by about 100. 
The correct values are given below, calculated for an average particle 
radius of 170 A, other data being those mentioned in the paper (1). 


TABLE III (CORRECTED) 


Correction factor Correction factor 
Electrolyte f according to f according to 

Equilibrium 1/x content, Smoluchowski (2) Booth (3) 
solution no. IK. millimoles/l. ¢ = 200 mv. ¢ = 100 mv. ¢ = 200 my. + = 100 mv. 

1 500 0.085 158 39 1.04 0.26 

2; 278 Qu12 54 13.6 0.78 0.20 

3 138 0.49 16 4.0 0.57 0.14 

4 64 2.3 2.9 0.62 0.42 0.11 

6 25 15.0 OR53 0.13 0.24 0.06 


Our experimental results when extrapolated to infinite dilution of the 
colloidal particles can be expressed by 


rel = 1+K¢ [2] 


in which K has the value 3.55, with an uncertainty of about 3%. The 
difference between 3.55 and the Einstein value 2.5 is considered not to be 
an electroviscous effect in the sense of Smoluchowski and Booth, because 
it is independent of the electrolyte content. It is ascribed to the fact that 
silver iodide particles are not truly spherical (4). The experimental electro- 
viscous effect at infinite dilution is thus smaller than the uncertainty in 
K, say smaller than 0.1, which is below the calculated values, considering 
that the ¢-potentials of the silver iodide sols are certainly above 75 mv. 
and probably above 100 mv. 

We are inclined to ascribe the difference between the experiments and 
Booth’s theory to the fact that Booth gives only the first term of a series 
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| expansion in ¢ and that for a ¢-potential of about 100 mv. more terms of 
the series should be considered. The range of applicability of Smoluchowski’s 
| theory (very thin double layers) has probably not yet been reached even 
j at the highest electrolyte content. 
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t EFFECT OF SWELLING OR OF AN ADSORBED LAYER ON THE 
VISCOSITY OF A SUSPENSION OF SPHERICAL PARTICLES 


In an article, ‘Flow of Concentrated Suspensions,” by P. S. Williams 
' (1), some data are reported on the relative viscosity of some suspensions 
1 of small glass spheres in glycerol-water solutions. One interpretation of the 
} results was given in terms of a theoretical equation published by one of 
| the present writers (2), the equation being 


In n, = 2.5¢/(1 — dg) (1] 


} where 7, is the relative viscosity, ¢ is the volume fraction of the suspended 
| spheres, and is a parameter which measures the crowding interaction of 
the spheres with each other. The systems were not precisely monodisperse; 
; and \ must therefore be interpreted as an average value, since the crowd- 
ing effect varies with the ratio of the sphere diameters. 

The values of \ computed by Williams vary with ¢, the range in ) being 
| roughly from 1.5 to 3.5. Such a wide variation casts doubt on the theory. 
| However, suspended particles of colloidal dimensions may carry rigidly 
| adsorbed layers of the liquid which are commensurable with the particle 
| diameter. If allowance is made for such an adsorbed layer, the effective 
| hydrodynamic volume being thereby increased by a factor f, the theoretical 

equation then becomes 


In ny = 2.5fe/(1 — fe). [2] 
To test this equation it is convenient to write it in the form 


1/o = fx + 2.5f/In a, . [3] 
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Thus the theory predicts that 1/ln 7, will bea linear function of 1/¢. | 
When Williams’ data for his spheres of nominal diameters 4, 8, and 12 » are | 
plotted as thus indicated, it is found that the data for each diameter do | 
lie approximately on a straight line. Furthermore, the three lines are nearly | | 
identical. Graphical solution for f and \ gives the values in the following | 
Table I. 
The last column of the table gives the thickness, 6, of the adsorbed layer | 
corresponding to the listed value of f. This computation was made by the | 
equation 
6 = (f = 1)2n,D3/62n.D? 
n; being the number of spheres of diameter D;, as given in Williams’ | 


Table III. 
TABLE I 


Values of mean crowding factor, \, and effective volume increase, f, 
computed from Williams’ data for suspensions of spheres up to 
concentration ¢ = 0.5 


Nominal sphere 


diameter, pu f nN 5, us 
4 1.32 0.99 0.20 
8 1.32 0.99 0.40 
12 1.29 1.09 0.66 


With regard to the computed values of 6, it is to be noted, first, that 
they are larger than might be expected, and, second, that they are roughly 
proportional to the nominal particle diameter, being approximately 5% of 
it in all three cases. These two facts concerning the values of 6 suggest 
that the increase in effective volume of the suspended material is not due’ 
primarily to an adsorbed layer of liquid on each sphere, but more likely 
to a degree of agglomeration, with effective solidification of the liquid 
trapped within the agglomerates. This interpretation of Williams’ viscosity 
measurements is given support by Williams’ observation that a suspension 
of spheres less than 1 » in diameter formed a gel on standing 24 hours. 

Williams’ viscosity measurements on mixtures of 4u and 12u spheres 
might conceivably permit calculation of the particular \ values for these 
two diameter ratios 3 and 1/3; but the attempt failed, probably because 
of the relatively large value and variability of f. 

Equation [3] was developed independently by each of the two authors 
of this letter; and it has been found by one of us (W. A. Hermonat) to be 
applicable to many colloidal systems and solutions. 
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BOOK REVIEWS 


| Statistical Analysis in Chemistry and the Chemical Industry. By Cart A. BENNETT 
; (Chief Statistician, General Electric Company, Richland, Washington) and Norman 
| L. Franxuin (Lecturer in Chemical Engineering, University of Leeds, England), 
} Wiley and Sons, Inc., New York, 1954. XVI + 724 pp. Price $8. 
It should be stated at the outset that the book under review is a particularly 
{ complete and authoritative treatise on statistics. Its authors, one of whom is a mathe- 
matical statistician and the other a chemist, were selected by the Committee on Ap- 
_ plied Mathematical Statistics of the National Research Council for the task of pre- 
paring a “comprehensive book on applied mathematical statistics with illustrative 
|) examples and material from chemistry and the chemical industry.’’ This task the 
| authors have accomplished with distinction, using no mathematics beyond calculus. 
| Their style is clear and precise, the notation adequate, and numerous tables assist 
| the reader in grasping the reasoning as well as the computational details of the meth- 
ods presented. 
_ The question arises as to the type of reader for whom this book is intended. Few 
' chemists will have the leisure and patience to work their way through as systematic 
a study as is presented in this book, even though a rich reward is assured for those who 
will. It seems fair to state that the present book is primarily useful to the young 
chemist in a college or in an industrial concern who, having seen the very real ad- 
vantages of experimenting in accordance with statistical principles, is willing (and 
encouraged by management) to spend considerable time and mental effort in the study 
of this field. Those chemists who have read and been stimulated by Youden’s book 
and wish to progress further in a “‘painless’’ way will have to wait for a simpler book. 
» Such a book would not proceed systematically through the mathematics of statistics 
but approach the entire field from the viewpoint of the immediate need of the chemist. 
Joun MAnpEL, Washington, D. C. 


Monomolecular Layers, a symposium presented on December 27, 1951, at the 
Philadelphia meeting of the American Association for the Advancement of Science. 
Edited by Harry Soporxa. Published by The American Association for The Advance- 
}ment of Science, Washington, D. C., 1954. 207 pp. Price $3.75 to members, $4.25 retail. 
' Despite the increasing importance of surface phenomena in the field of funda- 
mental research as well as industrial applications, very few treatises have been de- 
-yoted to this branch of physical chemistry. We are therefore indebted to Harry 
Sobotka for having edited Monomolecular Layers following a symposium held in 
Philadelphia in December, 1951, under the auspices of the American Association 
for the Advancement of Science. The nine articles included here illustrate the prob- 
lems with which American specialists on surface films are concerned. 

H. J. Trurnit’s discussion of modern techniques for study of surface layers is too 

brief, although he describes some ingenious apparatus that he built himself. 

-_ . Mishuck and F. Eirich have an apparatus able to detect a surface pressure of 
0.01 dyne/cm. They apply the perfect-gas law with protein films to measure their 
molecular weights. We appreciate this work, but the sensitivity of their apparatus 
falls somewhat short of a more desirable value. 
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| 
The mechanical properties of surface films considered by A. P. Brady and M. G. | 
Brown are: (1) static and dynamic surface tensions, (2) surface viscosity, (3) gas | 
permeability. After an intensive study, the authors conclude that a pure detergent | 
forms an adsorbed film of ‘gaseous’? type on the surface of aqueous solutions; im- | 
purities considerably modify the mechanical properties of the film. | 
J. K. Dixon, C. M. Judson, and D. G. Salley use radioactive substances to study | 
the adsorption of surface-active molecules at the water-air interface. This method is | 
excellent and permits, in particular, a discussion of the validity of Gibbs’ equation. | 
The built-up monolayers of Langmuir-Blodgett can serve as a radioactive source of | 
uniformly distributed activity and reproducible density if, like D. E. Beicher, one | 
utilizes stearic acid monolayers containing Cu for this purpose. 
E. G. Shafrin and W. A. Zisman study hydrophobic monolayers and consider 
their adsorption from aqueous solutions. E. Hutchinson gives a survey of the proper- | 
ties of films at the oil-water interface. The Editor and S. Rosenberg describe several | 
chemical reactions occurring in surface films. Finally, E. Havinga similarly studies | 
the mechanism of chemical reactions at the air-water interface using surface po- 
tentials measurements. A theory is advanced to explain the differences in activity | 
between molecules on the surface as compared with molecules in the bulk of the 
solution. | 
On the whole, this book constitutes an interesting collection for all those who are | 
interested in the physical chemistry of surfaces. 
Henrt L. Rosano, New York, New York | 
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ABSTRACT 


The specific removal of built-up oligomolecular films of stearic acid and its lower 
homologs by dilute serum albumin solutions is described. The influence on this re- 
action of temperature, pH, concentration of albumin, and presence of buffer salts 
| is discussed. The specificity of the underlying formation of water-soluble com- 
_ plexes in respect to both reactants is emphasized. The occurrence of skeletonization 
i and penetration phenomena is noted. 


INTRODUCTION 


The investigation of reactions of monomolecular layers with substances 
in adjacent phases increases the knowledge of the two-dimensional state 
/ and contributes to the understanding of reaction mechanisms in general. 

As one of the reactants is in a fixed position, such reactions fall into the 
category of heterogeneous reactions; diffusion rates become important and 
molecular orientation plays a major role. 

The ‘monomolecular’ reactant may be spread on a liquid hypophase 
or it may be deposited on a solid body, while the bulk reactant may be 
in a liquid or a gaseous phase. Interesting studies of the adsorption of 
» monolayers from a gas phase have been reported by Hayes and Dean (1). 
Some reactions of floating monolayers (‘“‘H-layers”) with molecules in 
the hypophase have been reviewed by Havinga (2) and by Sobotka and 
| Rosenberg (3). The former authors show amongst other phenomena the 
| signal increase of the rate of lactonization due to the apparent thousand- 
fold increase of acidity at the boundary; the latter authors discuss the 
effect of molecular shape and position on the oxidation of cholestenone, 
oleic acid, and aliphatic sulfur compounds. 

When proteins are involved in “two-dimensional” reactions the inves- 
tigation may at the same time shed light on problems of protein structure. 
Experiments by Rothen on reactions of protein-protein couples, mostly of 
‘immunochemical nature, have defied orthodox explanations. Trurnit (4) 


1 This work was carried out under U.S. Public Health Service Grant C-1791. 
- 2 We wish to thank Miss Pham Thi Thu for able assistance. 
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has studied the system chymotrypsin vs. serum albumin with the sub- | 
strate built up by the Blodgett-Langmuir technique in mono- or oligo- : 
molecular layers. His interesting observations of the enzymatic reaction | 


chymotrypsin-serum albumin are complicated by the competing adsorp- 


tion of the enzyme onto the slide and by the fact that the diffusion of the | 


reaction products influences the kinetics of the reaction. 


We have selected a system of relative simplicity, the reaction of serum 
albumin with built-up long-chain fatty acid films, which yields water- | 
soluble complexes. This system does not involve spread protein mole- | 
cules, which are an interesting laboratory artifact but whose properties | 
and reactivities are not as closely related to those of the native proteins | 
as is often tacitly assumed (5). The stripping of stearic acid films by serum | 
albumin was observed by Trurnit (4, footnote 13). We have studied the | 
conditions of this reaction and shall describe and discuss in the following | 


section the effect of the thickness of the fatty acid layers and of the al- 


bumin concentration, the kinetics of the reaction and the total amount of | 
turnover, the effect of temperature, of the hydrogen ion concentration, | 
and of the concentration, ionic strength, and chemical nature of various | 


buffer salts, and finally the specificity of the reaction in reference to both 
reactants. The implications of our results for the subfractions of serum 


albumin and, in turn, the significance of these subfractions for crystalliza-_| 
bility and coagulation temperature of albumin, and finally, the changes | 


of these properties in disease will be reported separately. 


Mertuops anp MATERIALS 


Glass microscope slides, 25 by 75 mm., were used which had been chro- 
mium coated on one side by vacuum deposition. The glass cell in which 
the reactions were carried out was 30 mm. square and 60 mm. high. 

Stirrers were made by flattening a length of glass tubing of outside 
diameter 9.5 mm., inside diameter, 8 mm. The resulting ribbon was twisted 
to give a spiral with one revolution per 12 mm.; the direction of the twist 
was such that the solution was thrown downward. The heating element 
consisted of a spiral of Nichrome wire around a core of small-bore glass 
tubing. This was inserted in a glass tube of slightly larger bore, which 
had been sealed off flat at the bottom. One lead came out between the 


two tubes and the other through the center of the core. This unit re- | 
quired 10 to 20 additional ohms in series with a Variac rheostat for good _ 


temperature control. 


When assembled, the heating unit was placed at the far left-hand corner | 


of the cell as viewed from above. The stirrer was placed dead center and 
rotated clockwise, and the slide was set flush against the near cell wall 
as far as possible to the right. The uniformity of this arrangement is es- 
sential for the reproducibility of the results. 
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The chromium glass slides were rubbed down with ferric stearate, leav- 
| ing a monolayer adhering to the slide. A monomolecular layer of the lipid 
under study was then formed by spreading its benzene solution on a buf- 
fered hypophase, containing 1 ml. 0.1 M barium acetate and 2.5 ml. 0.1 
phosphate, of pH 7.2, per liter of distilled water. The phosphate solution 
was prepared in the usual manner from Na HPO, and KH2PO,. The 
final solution was then 10 * M for barium acetate and 2.5 xX 10° M for 
phosphate; the pH was 7.45. 

The temperature of the hypophase was 23°-27°C. unless otherwise 
stated. The appropriate pressure, usually 29.5 dynes/cm., was applied to 
the film by means of a barrier-pulley-weight apparatus (6). Two of the 
slides, held back to back, were dipped by hand into the film at a steady 
| rate of about 3 seconds per dip and 3 seconds per withdrawal. For most 
\ of the work the slides were dipped 20 times to a depth of 15 mm. to form 
| a base step of 41 layers. They were then dipped to successively lower 
depth so as to make 10 steps differing one from another by one dip or two 
layers. The apparent thickness of the slide was then determined from an 
{ empirical curve, using a simple tilt-table interferometer with a sodium 
| vapor lamp as the monochromatic source ae 
__ The reaction cell was prepared by introducing 30 ml. minus the volume 
of the reactant into the cell and bringing it to the desired temperature 

while stirring. The slide was then placed in the solution (with the back 
flush against the wall of the cell where it was held by capillary action). 
| The solution of the reactant, such as albumin in distilled water, was in- 
| troduced immediately from a pipet and the stop watch started. Constant 
| temperature within +0.2°C. was maintained by adjustment of the Variac 
| during the time of the run. The stirrer and stop watch were started and 
| stopped simultaneously and the slide removed from the cell and rinsed 
| once very gently with a little distilled water.’ The apparent thickness of 
| the lipid deposit was measured once again in the interferometer, and the 
; amount of material lost or gained by the treatment was calculated. 
Unless otherwise noted, the conditions for the reaction were stand- 
| ardized as follows: an area of 25 X 25 mm. was covered with a 40-layer 
' (20 dips) base of stearic acid-barium stearate as obtained on a hypophase 
of pH = 7.45. Upon this were added a number of steps of two layers 
each. The volume of the solution in the cell was 30 ml.; it was 0.0167 
' for phosphate buffer of pH = 7.2 and 0.0133 M for Na,SQ, and contained 
0.0167 % crystalline bovine serum albumin. 
It was shown that stirring is necessary for the removal of stearic acid. 
Figure 1 illustrates the effect of the rate of stirring on an 0.0167 % solu- 


3 It had been shown that no protein was deposited as the slide was withdrawn 

through the surface; for there was no difference in comparison with controls in 

which the cell contents were flushed out with distilled water prior to withdrawal. 
| 
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Fra. 1. Effect of stirring on removal of stearic acid. 
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tion of bovine serum albumin. The removal rate was constant between 
100 and 500 r.p.m.; at about 1000 r.p.m. the solution started to foam, and 
we ascribe the increase in removal rate at the higher stirring rates to 
secondary effects. The rate of stirring in all the following experiments was 
uniformly 500 r.p.m. 

The standard conditions, described above, were modified in an appro- 
priate manner to study the effect of thickness and area of the slides, and 
of the albumin and buffer concentration. In the experiments on specificity, 
the lipid and the protein components were modified as indicated. The 
albumin used was in most instances crystalline bovine serum albumin.” 
In the experiment on individual albumin fractions we used horse serum 
which was fractionated with ammonium sulfate according to the proce- 
dure of Michel (8). The first albumin fraction was separated into a crystal- 
line and a noncrystalline portion. The subsequent two fractions were 
both crystalline, and the fourth fraction was amorphous at the time of 
this study but crystallized upon prolonged standing in the cold. All frac- 
tions were dialyzed against water before use. Polylysine was obtained 
from Prof. K. G. Stern, Polytechnic Institute of Brooklyn, to whom we 


| 
wish to express our thanks. For the isoarachidic acid we are indebted te 
Dr. Weitkamp of the Standard Oil Company of Indiana. 

The dye-binding equilibria were measured by the technique of Klotz 
using methyl orange (9). The lipid content of the protein fractions was 
estimated by the method of Swahn (10). 


‘We are indebted to Dr. Lachat of Armour and Company, Chicago, for various 
samples of this material. 
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EXPERIMENTAL RESULTS AND DISCUSSION 
Thickness of Slide 


We have compared the influence of the number of stearic acid layers 
upon the rate of the “ripping-off” reaction. In order to keep within the 
most critical range for the interferometric observation with light of wave- 
length 590 my, plates were prepared which gave purple interference colors 
of the first, second, and third order. Table I shows the rate of removal in 
numbers of layers over a 20-minute period at 36°C. There appears to be a 


; slight decrease of the effect on thicker slides, which may be due to greater 


' cohesion of thicker films. 


Area of Slide 


Film areas of 350, 663, and 965 mm.” of stearic acid, 45 layers thick, 
were exposed under identical conditions to 5 mg. of albumin in 30 ml. of 
_ phosphate solution for 10 minutes. As expected, the rate of removal was , 
the same for the three slides, namely, 3.4, 3.7, and 3.5 layers. The rate of 
removal is within wide limits a function of the concentration of the pro- 
| tein and not of the proportion of total albumin in solution to stearic acid 
> exposed. 


Kinetics 


The initial rate of removal follows a linear course. Figure 2 shows that 
the reaction in the case of bovine serum albumin remains linear for the 
' first 20 %-40 % of its course. This percentage is computed on the basis of 
' the saturation equilibrium. 


Saturation 


The amount of stearic acid which may form a water-soluble complex 
! with albumin must be in a given ratio to the protein. This saturation 
level is a figure of importance for various experiments in the present in- 
| vestigation. Its value for different albumin fractions and preparations 


TABLE I 
Thickness of Film and Rate of Removal 


Number of layers removed 
Number of layers of in 20 min. (corrected 
stearic acid for blank) 


43 te2, 

45 U 

45 6 
137 6. 
137 6 
145 6 
245 5 
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Fig. 2. Rate of stearic acid removal. Saturation of albumin with stearic acid 
in these experiments would be reached after removal of ca. 50 layers. 


will not necessarily run parallel to the reaction rate. Although the latter 
is easier to determine, we have endeavored also to establish the molecular 
ratio stearic acid/albumin at the point of saturation. 

A quantitative consideration shows that the number of stearic acid 
molecules in 1 em.” (100 mm.”) of a monomolecular layer is ca. 4.5 X 10™ 
molecules or 7.5 X 10° moles. An equal number of albumin molecules of 
molecular weight 69,000 will be contained in 0.052 mg. of albumin. Under 
our experimental conditions, the upper limit of film area with which we 
may operate is about 25 X 25 = 625 mm.’. On the other hand, the rate 
of the reaction and the accuracy of the determination require a protein 


concentration not much below 0.01% and a reaction volume of 30 ml. In- 


the examples given in Fig. 3 we used 2.0 and 1.96 mg. of various batches 
of bovine serum albumin, 7.e., concentrations of 0.0067 % and 0.0065 %. 
The exposed areas were 350 and 625 mm.”, respectively. Thus, the amount 
of albumin, if combining with stearic acid on a mole per mole ratio, would 
take up approximately 10 and 6 complete layers of stearic acid, respec- 
tively. 

For reasons detailed below in the section on skeletonization and also 
because we wished to remain within an interferometrically sensitive zone 
of thickness, we used more than one slide for each experiment. Each suc- 
cessive point on the curves in Fig. 3 indicates the use of a new slide; the 
maximum number of layers removed from a single slide never exceeded 
eight. Thus, we are assured that the removal is measured under optimal 
conditions. The ordinate gives the molecular ratio of stearic acid removed/ 
albumin. The curves flatten out at a molar ratio of 2/1 and approach 
equilibrium rates of 2.3/1 and 2.7/1. It will be noted that the higher end 
value is found with an albumin preparation of slower reactivity. To evalu- 
ate the significance of these data, it is necessary to know the original lipid 
content of the albumin preparation (see below). 
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Fic. 3. Kinetics of stearic acid removal. 


Albumin Concentration 


_ The rate of removal of stearic acid is in linear proportion to the al- 
, bumin concentration up to 0.03% or ca. 4 X 10°° M albumin. Above this 
value the rate rises less steeply and flattens out towards a maximum which 
is presumably governed by the rates of diffusion of the albumin towards 
the slide and of the reaction product in the opposite direction (Fig. 4). 


Temperature 


The reaction rate increases with temperature over the range inves- 
tigated. The upper limit of the observations is reached at a temperature 
where the film changes in appearance by gradual obliteration of the in- 
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Fic. 4. Influence of serum albumin concentration on stearic acid removal. 
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Fig. 5. Effect of temperature on removal rate. 


dividual steps on the plate. At this point, which may correspond for the 
two-dimensional built-up state to the melting point in the three-dimen- 
sional state, the ripping-off reaction loses its specificity, and even buffer 
solution without albumin will now remove stearic acid. This upper tem- 
perature limit (cf. Table III) varies from one fatty acid to another. Its 
distance on the temperature scale from the melting point of the substance 
in bulk varies considerably, not only between saturated and unsaturated 
acids, but even within the length of the chain. The nature of the under- 
lying surface may also influence the cohesion of monomolecular layers 
(11). 

The effect of temperature on reaction rate in the case of stearic acid is 
illustrated in Fig. 5, which shows the natural logarithm of the rate as’ 
ordinate plotted against the reciprocal of the temperature in degrees 
Kelvin. The points from individual experiments fall on straight lines. The 
gradient of these lines appears to be a function of the protein concentra- 
tion within the range of our observations. 


Effect of Buffers 


The rate of stearic acid removal depends on the presence of buffer salts. 
The effect of albumin in distilled water is rather low; it is considerably 
enhanced by neutral salts such as potassium chloride or sodium sulfate, 
but the highest rates are observed with phosphate solutions. This effect 
of phosphate ion upon the mobility of molecules in a two-dimensional 
array parallels the effect of phosphate on protein penetration through 
organic layers observed by Trurnit (12). The phosphate effect on the re- 
moval of stearic acid reaches its maximum at a phosphate molarity of 
0.005 and continues on a constant level at least to 0.05 molarity. The effect 
of other buffers, as shown in Table II, decreases in the order phosphate, 
citrate, and ethylene diamine tetraacetate, veronal, and maleate. The 
relationship between this effect and the molarity and ionic strength of 
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Fie. 6. Effect of nature and concentration of buffers on removal rate. 


the buffers remains to be investigated. The pH dependency of the reac- 
tion is illustrated in Fig. 7. Phosphate buffers were used in a range of con- 
centration which does not influence the reaction rate (see above). There 
Js no removal of stearic acid below pH 6. The effect. shows a sharp rise to 
pH 6.6 at 36°C., where it reaches a maximum value; this value is main- 
tained constant up to pH 8. The effect is not influenced by changes in 
lonic strength. At 36°C. and at 40°C. the curves run a similar course. At 
the lower temperature, the curve is smoothed out; at 40°C. it shows a 
higher maximum further over to pH 6.9 and slight decrease towards 
higher pH values. The limb to the acid side of the maximum reflects the 
increasing ionization of the reactive cationic groups of the albumin; the 
value of the flat branch on the alkaline side appears again to be limited 
by diffusion rates. This limiting factor is higher at higher temperatures. 


Removal Rate of Various Fatty Acids 


Films of various fatty acids were deposited on slides at 25°C. and usu- 
ally under a lateral pressure of 29.5 dynes/cm. on the standard hypo- 
phase. The reacting solution contained 0.0167% albumin in 0.025 M 


TABLE II 


Rate of Removal of Stearate Film by Serum Albumin in the Presence 
of Various Buffers at pH = 7.2 and 35°C. 


. Number of 
: brea i Buffer Molarity Ionic strength x 10? hee 
| Phosphate 0.0167 4.1 4.8 

1 Maleate 0.025 8 ml 

2 Versene 0.025 14.3 33. 

3 Citrate 0.025 14.9 3.9 

4 Veronal 0.033 0.49 2.75 
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Fic. 7. Effect of pH on removal rate. 


phosphate buffer of pH 7.2. The slides were run for 10 minutes at the 
temperature given. Table III summarizes the results, showing the ap- 
parent number of layers removed (minus) or gained (plus). The tempera- 
ture where the appearance of the slides has changed so as to preclude 
readings is indicated by an asterisk. The last column to the right gives 
the melting points of the pure compounds. The results show that the effect 
is specific for palmitic and stearic acid, whereas the higher members of 
the saturated series are not attacked by albumin solutions. The effect of 
albumin on the transethylenic elaidic acid with 18 carbon atoms and on 
isoarachidic acid with a carbon chain of 19 atoms and a branched group. 
on the penultimate carbon is questionable. Cholesterol is not removed at 


TABLE III 


The Number of Apparent Layers Removed (—) or Gained (+) by 
Albumin Acting on Slides of Various Lipids at the 
Temperatures Shown 


* = Lipid melts and blurs. 


ng Melting 
Lipid 26° 32° 355 40° 45° 50° 55° point of 
bulk phase 
Palmitic acid —5.6 | —7.4 cs 64.0 
Stearic acid 1.5 | —2.6 | —3.0 | —3.6 69.4 
Arachidie acid 0 —0.3 —1.0 | —0.4 76.3 
Behenic acid +0.1 —0.1 0 80.7 
Lignoceric acid +0.5 81.0 
Elaidic acid —1.1 cs SIRS 
Brassidic acid +0.3 | +0.6 He 61.5 
Tsoarachidic acid —1.2 | —0.9 75.0 


Cholesterol 0 148.5 
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all. The difference between palmitic and stearic acid, on the one hand, 
} and the higher normal acids, on the other hand, is file it cannot fe 
explained by the few eee difference in their melting points. 


Reactions with Proteins Other than Albumin 


That the reaction is specific for serum albumin was shown in experi- 
ments with serum globulin (0.0167 %), ovalbumin (0.0334 %), and pepsin 
- (0.0334 %), all of which did not change the thickness of stearic acid under 
conditions where serum albumin (0.0167 %) removed 3.7 layers within 
' 10 minutes; a 1.67 X 10° M solution of arginine had no clear-cut effect 
under the same conditions, whereas polylysine (0.008%) became adsorbed 
(on the stearic acid plate and increased its apparent thickness by the 
| equivalent of 4.0 layers. 


Influence of Other Substances 


A number of other substances were tried, none of which acted on stearic 
' acid layers by itself. When used in conjunction with albumin, the ripping- 
| off capacity of the latter remained unchanged in the presence of iodoace- 
' tate and acetyltryptophan, nor could we observe any effect of heparin 
| and of chondroitin sulfuric acid within the limits of the method. But the 
‘albumin effect is substantially reduced by the presence of azorubin and 
of the sodium salts of lower fatty acids. It would appear that the former 
- group of compounds, when they react with albumin, select other sites on 


TABLE IV 


The Reaction of Various Chemicals with Stearate Slides and Their 
Action in Conjunction with Albumin 


Reaction time 20 minutes (except for experiments marked with *, 
which were run for 10 min.). 


Layers 
Reactant Concentration Thickness i sa hay Difference removed (~) 
of albumin Rental 
(a) (b) (b) — (a) 

) Sodium caproate 8.338 X 10*M; -+0.5 —5.6 —6.1 —7.4 
Sodium caprylate 8.383 X 10-*M| +0.4 —3.4 —3.8 —7.4 
Sodium caprate 8.33 X 104M; +0.3 —0.2 —0.5 —7.4 

| Iodoacetate IGiex<elOreii +0.5 —7.4 —7.9 —7.4 
Acetyltryptophan WG oe | ei} —6.4 —7.7 —7.4 

'*Chondroitin  sul- 0.0167% +0.9 —2.4 —3.3 —3.7 

| furic acid 
*Heparin 0.0167% +0.9 —0.8 —1.7 —2.0 
Azorubin 1.67 X 10> +0.3 —4.1 —4.4 —7.4 

-Azorubin 6.70 X 10-°M| +0.3 212 2s iad 

_ Azorubin 11.7 X 10°5M| +0.7 =2.0 —2.7 —7.4 
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the surface of the albumin molecule; on the other hand, fatty acid anions 
and anionic dyes compete with stearic acid for the same sites. 

When serum albumin was saturated with powdered stearic acid by 
nonturbulent agitation with an excess for 3 hours at 28°C., the centrifuged 
supernatant took up 1.5 layers within 10 minutes of stearic acid under 
standard conditions against 4.4 layers for the untreated albumin. 

The rate of stearate removal for individual albumin fractions runs. 
parallel to their adsorptive power for dyestuffs. Figure 8 illustrates this 
relationship for the various fractions of horse serum albumin. The height 
of the diagonally hatched columns gives the amount of methyl orange 
adsorbed, whereas the unhatched columns show the rate of the ripping- 
off reaction. The horizontally hatched columns above illustrate the lipid 
content of the original albumin fractions as obtained by Swahn’s color- 
imetric method. Similar results showing the parallelism of affinity for 
azorubin and stearic acid were obtained with human serum albumin. 


Skeletonization and Penetration 


The ripping-off reaction does not remove the film monolayer by mono- 
layer, but skeletonizes the stearic acid-barium stearate film by selective 
removal of the stearic acid molecules. This phenomenon parallels skele- 
tonization of films by organic solvents such as benzene, which likewise 
preferentially remove the free stearic acid. The fact that the albumin 
treatment results in skeletonized films may be proved by refilling the holes 
on the film. In contrast to films skeletonized by organic solvents, refilling 
with hexadecane is not possible because of the oleophobic nature of the 
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TABLE V 


Removal of Stearic Acid Monolayers by Albumin through a Blanket 
of Cholesterol Monolayers in 10 Min. at 36°C. 


Number of stearic Number of cho- Total decrease 
acid layers lesterol layers (corrected for blank) 
0 50 0 

50 0 —3.3 
40 6 —§.2 
34 10 —3.9 
30 14 —4.7 
28 20 Slides 

Smear 


surface, owing to adsorption of small amounts of albumin. However, we 
nad found previously that skeleton films may be refilled with water. In 
ithe present case the surface is wettable and the water fills the holes left 
by removal of stearic acid. Restitution of the original interference color 
is not quite complete because of the lower refractive index of water. 

_ The cohesion of mono- and oligo-molecular films is diminished in com- 
parison to the same substance in bulk. The two-dimensional m.p. has 
been found lowered for stearic acid (13), and we ascribe the disorganiza- 
tion of crystalline films, described in the section on ‘‘Removal Rate of 
Various Fatty Acids,” at least in part to this lowering of the melting 
point. One should also point in this connection to the observation of 
Havinga and De Wael (14), who found by X-ray diffraction that stearic 
acid films have a hexagonal structure at room temperatures, while the 
hexagonal form of the stearic acid in bulk is stable only a few degrees 
below its ‘‘three-dimensional”’ melting point. This diminution of cohesion 
alters the penetrability of a substance to such an extent that the film of a 
few layers thickness can not be treated as semipermeable membrane. One 
as not to assume specific holes and faults in a monolayer to explain its 
penetrability, but must consider this as an intrinsic property of the two- 
dimensional state. 

We have been able to illustrate this situation by covering stearic acid 
films with up to 20 layers of cholesterol, keeping the sum of the two kinds 
of layers between 44 and 50 to facilitate optical observation. When these 
films were subject to albumin solutions under standard conditions, the 
ripping-off reaction proceeded right across a blanket of 6-14 monolayers 
of cholesterol with unabated speed. Moreover, the refilling of the skele- 
tonized film with water is likewise apparently not impeded by the chole- 


terol blanket. 
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ABSTRACT 


The micellar properties of oil-soluble sulfonates in benzene have been studied by 
the fluorescence depolarization method. In moist benzene, the dinonylnaphthalene 
sulfonates of barium and sodium aggregate to form eee, of 7 to 8 and 12 to 13 
onomers, respectively; the size of these micelles is not sensitive to water concen- 
tration. The critical range for micelle formation of these sulfonates is estimated at 
xX 10° to 1 X 1077 formula weight per liter. A barium petroleum sulfonate was 
found to aggregate in micelles of 34 to 35 monomers. The difference between the 
sizes of micelles of the two types of sulfonates is explained in terms of the geome- 
ries of the respective monomers. The formation of Rhodamine B-sulfonate com- 
plexes has been observed, requiring a slight revision of previously developed 
methods for treatment of the data. The micellar nature of these substances in non- 
polar solvents supports a previously published explanation of their effectiveness in 
reducing the corrosion potentials of acids in lubricating oils. 


INTRODUCTION 


High molecular weight petroleum sulfonates have been used for many 
years to impart rust-inhibiting and detergent properties to lubricants (1). 
A variety of sulfonates have been used, but few data are available con- 
cerning the micellar nature of these substances in nonpolar environments. 

Mattoon and Mathews (2) investigated pure sodium bis(2-ethylhexyl) 
sulfosuccinate (Aerosol OT) in n-dodecane. They interpreted their data to 
indicate spherical micelles whose radii may be at least doubled by satura- 
tion with water, and they found micelles to persist down to a weight 
concentration of 5%. Subsequently, Mathews and Hirschhorn (8) studied 
the same system over a wide range of concentrations viscometrically and 
by means of the ultracentrifuge. In dispersions of moderate moisture 
content, they interpreted their data to support the previously suggested 
spherical micelle whose size increased with increasing water content, but 
for the anhydrous system they proposed a platelike micelle. For both moist 
and anhydrous conditions, however, their viscometric data (extrapolated 
to infinite dilution) are in striking agreement with the Einstein equation 
for flow of suspended spheres. A series of naphtha sulfonates in a number 
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of hydrocarbon solvents was investigated viscometrically by van der 
Waarden (4) who concluded that these sulfonates f ormed platelike micelles. 

Studies of oil-soluble carboxylate soaps in nonpolar media have estab- 
lished the micelle size and critical concentration region (5, 6, 7), and the 
dependence of micelle shape and size (8, 9) upon water content. Observa- 
tions of moist and of anhydrous systems of sodium dinonylnaphthalene 
sulfonate in benzene revealed no viscosity difference that would denote a 
change from linear to spherical units such as that found with the sodium 
phenylstearate system (9, 10). 

The increasing use of sulfonates as lubricant additives, detergents, and 
dispersing agents for both general and naval applications has stimulated 
this laboratory to study their properties in detail. As salts of strong bases 
and a relatively strong acid they are insensitive to hydrolysis, and their 
superior performance as rust inhibitors has been established. Baker, 
Singleterry, and Solomon (11) have studied the action of synthetic sul- 
fonates of known and reproducible compositions which had been found 
comparable in rust inhibition with commercially available petroleum 
sulfonates. They have proposed mechanisms based on the micellar nature 
of these substances to explain their rust-inhibiting and acid-deactivating 
properties. The fluorescence depolarization study reported here was under- 
taken as a parallel phase of the same problem; it demonstrates and explores 
the micellar nature which is the basis for solubility and certain other 
useful properties of these additives, which are dispersible in an unusually 
wide variety of solvents. 


EXPERIMENTAL MEruHops 
A. Materials 


Dinonylnaphthalene sulfonic acid (HDNNS), especially synthesized for re- 
search use, was received as a 45% solution in petroleum naphtha. The neutral equiv- 
alent weight of the acid was 463 (theory, 460.7). The supplier stated that 
the substance was a mixture of isomers resulting from the sulfonation of a dinonyl- 
naphthalene, prepared by alkylation of naphthalene with a propylene trimer. The 
alkylated hydrocarbon was fractionally distilled to isolate the dinonyl fraction. 
The acid was tested for the presence of mono- or tri-alkyl species by partitioning 
a sample in approximately equal portions between petroleum ether and a suitable 
isopropanol-water blend. The equivalent weights of the two fractions were found to 
be identical. 

Barium dinonylnaphthalene sulfonate (Ba(DNNS).) was prepared by neutraliz- 
ing a solution of the acid in a benzene-isopropanol-water (200/50/1) mixture with 
an excess of solid barium hydroxide, and subsequently back titrating to the brom- 
thymol blue end point, found externally. The solvents were removed by distillation 
at reduced pressure; the residual alcohol, water, and naphtha were swept from the 
residue by additions of benzene during the distillation. The residue was taken up 
in benzene, filtered through a fine glass frit, divided into ampoules, frozen, and 
dried in the frozen state at reduced pressure (ca. 0.2 mm. Hg). Final traces of mois- 
ture and solvent were removed at 95°C. and a pressure of 5 Hg. The ampoules 
were sealed and refrigerated until used. The dry material was a porous, brittle, 
white solid containing 13.04% barium (theory 13.00). 
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Neutral sodium dinonylnaphthalene sulfonate (NaDNNS) was received from the 
Manufacturer as a 20% solution in benzene. It was prepared for use by drying from 
the frozen solution as described for Ba(DNNS)p», after dilution with benzene. The 
P dry compound was similar in appearance to the Ba(DNNS)2, but faintly darker. It 

contained 4.57% sodium (theory 4.76), but tests indicated the absence of free acid. 
The discrepancy in the analysis is attributed to inert unsulfonated hydrocarbons. 
Barium petroleum sulfonate was prepared as follows: Sodium petroleum sul- 
 fonate in di(2-ethylhexyl) sebacate was twice treated with an excess of 30% aqueous 
BaCl, at 100°C., and was washed with water at 100°C. until the washings yielded a 
negative test for chloride. The diester solution of the barium sulfonate was diluted 
} with benzene, and the sulfonate was twice precipitated with acetone, in which it is 
) insoluble. The precipitate was dissolved in benzene, filtered, divided into ampoules, 
) frozen, and dried as described for the Ba(DNNS)>». The dry solid, which contained 
| 13.2% barium, was similar in appearance to the synthetic sulfonates described 
| above, except for its buff color. The analysis indicates an average molecular weight 
| of 1040.6, corresponding to an acid of molecular weight 452.6. 
Benzene was percolated through activated silica gel over a fine glass frit to re- 
| move polar impurities and water. It was stored over sodium until used. 
) Rhodamine B was purified chromatographically. Benzene-extracted Rhodamine 
| B hydrochloride was converted to the base, dissolved in benzene, and transferred to 
a column of activated alumina. The dye was eluted with 1/1 acetone-benzene solu- 
' tion, which separated the Rhodamine B and its impurities into discrete bands, of 
} which Rhodamine B was the foremost. The elutriate was acidified with HCl, dried 
) first with a stream of dry nitrogen, and finally in vacuo (10 » Hg) at 80°C. A satu- 
, rated solution of this dye in benzene was centrifuged before use. Its concentration 
. (3.45 X 10°* moles/liter) was determined spectrophotometrically in aqueous solu- 
tion prepared from an evaporated aliquot of the benzene solution. Qualitative paper 
chromatograms indicated that the treated dye was of appreciably higher purity 
than the starting material. 


B. Measurements 


Fluorescence measurements were made with a modified Brice-Speiser light- 
' scattering photometer (12). The general experimental procedures used have been 
' described (6, 7). Spectral absorption measurements were made with a Beckman DU 
spectrophotometer, modified to accommodate the same 30 X 30 mm. cell used for 
the fluorescence measurements. This modification eliminated the uncertainties at- 
| tending the examination of two separate specimens intended to be identical in prop- 
erties and composition. The cell compartment of the spectrophotometer was fitted 
with reflectors, so that the beam made four passes through either the reference or 
| test cell. The long path length was especially advantageous for measuring the weak 
absorption of the dye in the more dilute sulfonate solutions. 

The absorption peak of the dye in these systems was subject to a drift of wave 
length due to an interaction with the glass of containing vessels. To minimize this 
interference, the solutions were prepared in volumetric flasks internally coated 
with Teflon, which is more inert than glass (13). In such flasks the sulfonate-dye 
solutions were found to be stable for 2 days or longer. The more concentrated solu- 

tions developed their equilibrium optical properties rapidly, and measurements 
were made within 4 hours of their preparation. The solutions containing 10~* mole 
or less of sulfonate approached equilibrium over a period of several hours; measure- 
ments on such solutions were made after about 24 hours. 

Apparent densities of the sulfonates were computed from the specific gravities 
of benzene and benzene solutions of the sulfonates. Measurements were made with 
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an analytical balance and a plummet. The density of Rhodamine B crystals was 
estimated by observing their buoyancy in liquids of various densities. For 
the limited considerations requiring this datum, the assumption was made that the 
apparent density in solution was equal to the density of the crystals. 


RESULTS 


Benzene dispersions of Ba(DNNS)2 examined ranged in concentration 
from 2 X 10° to 5 X 10 ’ formula weight (F.W.) per liter, and those of 
NaDNNS from 1 X 10° to 2 X 10° F.W. per liter. Water-solute ratios 
(F.W. H.O/F.W. solute) of 1.0 and 3.0 were maintained for Ba(DNNS)2 
and NaDNNS, respectively. Enough additional water was added to 
saturate the free benzene to the extent of 15%. Under these conditions 
the compositions were considered insensitive to fluctuations in atmos- 
pheric humidity. The Rhodamine B dye concentration was held constant 
(1.72 X 10°’ mole per liter) for the barium salt compositions, but because 
of the lower level of color development in the dispersions of NaDNNS, 
more dye was used, and the amount was increased with decreasing con- 
centration of the sulfonate. Only one dispersion of the barium petroleum 
sulfonate (1.14 X 10° F.W. per liter) was examined. The water-solute 
ratio in this case was 1.0, and enough additional water was present to 
saturate the free benzene to the extent of 10%. Dry. dispersions 
of Ba(DNNS).2 and of NaDNNS were studied for comparison purposes. 

Results of the measurements appear in Table I. Values of V were com- 
puted from F. Perrin’s equation (6, 14) for the depolarization of fluores-_ 
cence as a function of rotational diffusion, 


= p(3 — po) rRT 


eae t WW 


V 
where V is the hydrodynamic gram-molecular (or -micellar) volume of 
the mobile unit from which the fluorescence is emitted, p is the polariza- 
tion of its fluorescence, po is the polarization of completely immobilized 
dye molecules, 7 is the excited lifetime, R is the gas constant, 7 is the 
absolute temperature, and 7 is the viscosity of the solution. 


Values of 7 for computations of V were obtained from the relation 
(6, 15), 


[2] 


where q is the ratio of fluorescence intensity (J,,y) in arbitrary units to 
the extinction coefficient (1/1 logio 1/7) at 546 my. From a plot of 7’ /q 
vs. peak absorption wave length for Rhodamine B solutions in methanol 


and glycerol, 7’/q’ was interpolated at the wave length of maximum ab- 
sorption of each specimen. 
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TABLE I 


Micelle Size of Sulfonates in Benzene by Fluorescence Depolarization 
Method 
Fl 546 mp 
Sulfonate Fluorescence SORES CENCE Extinction Total dye Apparent 
concentration, polarization ba pane coefficient concentration, | 8t@m-micellar 
F.W./t. (6) za), 1 1 oot otene ys 
arbitrary units z lost fa . Be 


Sodium Dinonylnaphthalene Sulfonate 


Apparent density at 25°C. = 1.100; F.W. = 482.7; 3.0 moles 
H20/F.W. NaDNNS. 


Benzene 15% saturated with H.O. 


2.16 X 1078 0.074 0.0249 0.00370 i 1420 
2.39 < 10s8 0.085 0.0394 0.00495 0.7 2020 
OS <tc 0.084 0.0608 0.00642 Det 2350 
1.08 X 1074 0.124 0.0230 0.00188 0.7 4420 
3.56 X 10-4 0.129 0.0827 0.00633 0.7 5500 
eee SOE 0.140 0.0537 0.00425 0.3 5540 
1.08 X 10-3 OEE Y/ 0.0872 0.00704 0.3 5500 
Barium Dinonylnaphthalene Sulfonate 
Apparent density at 25°C. = 1.217; F.W. = 1046.7; 1.0 mole 
H.0/F.W. Ba(DNNS)s. 
Benzene 15% saturated with HO. 
5.00 X 1077 0.082 0.0196 0.00216 0.172 2080 
1.00 X 1075 0.091 0.0310 0.00292 0.172 2770 
5.00 X 1076 OF122 0.0367 0.00329 0.172 4240 
12005 X10 0.127 0.0540 0.00444 0.172 4770 
1OOL<S 10-4 0.138 0.1561 0.01147 0.172 6220 
1.00 X 10-3 0.138 0.2109 0.01472 0.172 6620 
2.01 X 1073 0.142 0.2116 0.01555 0.172 6560 
Ie OOD 10522 0.136 0.2371 0.01617 OR72 6680 
Barium Petroleum Sulfonate 
Apparent density at 25°C. = 1.192; F.W. = 1040.6; 1.0 mole 
H,0/F.W. sulfonate. 
Benzene 10% saturated with H.O. 
elas One 0.3521 | 0.1114 | 0.01094 0.34 30300 


« Anhydrous system. 


Discussion 


The micelle sizes of NaDNNS (aggregation number 12 to 13) and 
Ba(DNNS). (aggregation number 7 to 8) at concentrations in the plateau 
region of Fig. 1 indicate aggregations of the fewest monomers reported 
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for metallic salts except the laurates (of Fe, Mg, Cu and Zn) and the zinc 
carboxylates in boiling toluene studied by Nelson and Pink (16). The 
contrasting size of the barium petroleum sulfonate micelle (aggregation 
number 34 to 35) is attributed to the difference between the geometries 
of monomers of the two types of sulfonates studied here. The gram-micel- 
lar volumes found for Ba(DNNS), and NaDNNS at concentrations above 
5 X 10° F.W. per liter are 6600 and 5500 c.c., respectively. This close 
comparability of micelle sizes indicates that the acid residue has a strong 
influence upon the extent to which these aggregates can grow, whereas 
the perceptible difference between their sizes suggests a secondary in- 
fluence of the metallic radical. The larger gram-micellar volume (30,000 
c.c.) and corresponding aggregation number for the barium petroleum 
sulfonate are indicative of molecules whose geometry permits the ac- 
commodation of more hydrocarbon tails about the compact polar core of 
the micelle. This accommodation will occur if the hydrocarbon section 
immediately adjacent to the sulfonate group is less bulky than the naph- 
thalene nucleus, even though the two sulfonates have comparable equiva- 
lent weights. The fact that the petroleum sulfonate represents a variety 
of molecular structures may also contribute to the packing of more mono- 
mers into a single aggregate. 

Micelles as small as those reported here must be approximately iso- 
dimensional because of the molecular arrangement required to shield the 
cores from mutual interaction to form larger aggregates. This conclusion 
is confirmed by the results of a viscometric study of NaDNNS in benzene 
(10), which indicated a limiting value of 2.5 + 0.2 for n.)/¢, in conformity 
with the Einstein equation for suspended spheres. The volumes calculated 
from the depolarization measurements correspond to spherical micelles 
having radii of 13.8 A. and 13.0 A. for Ba(DNNS), and NaDNNS, respec- 
tively. Since the average length of the fully extended DNNS radicals is 
estimated from the Fischer-Hirschfelder model to be about 17 A., it would 
appear that the two nonyl substituents occupy average positions in which 
they are appreciably folded or bent toward the micelle. This would be 
expected if the hydrocarbon portions of the molecule can accommodate 
themselves to occupy the available space nearest the micelle, for which 
they are more probable competitors than the freely diffusing solvent 
molecules. A molecule whose structure places the major hydrocarbon bulk 
farther away from the polar core could occupy a smaller solid angle in the 
micelle, resulting in a larger aggregation number and effective radius. 
The sphere radius calculated for the barium petroleum sulfonate micelle 
is 22.4 A., which is a reasonable value, although the possibility that the 
micelle is in this case an ellipsoid of low eccentricity is not excluded (17). 

In the dilute range of the dinonylnaphthalene sulfonate systems, the 
fluorescence polarization (Table I) decreases with decreasing stoichio- 
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Metric concentration. A superficial consideration of this fact would sug- 
gest that the true micelle volume (which is directly proportional to the 
true aggregation number) follows the same trend. This inference could be 
| derived from Perrin’s equation (6, 14). 

A similar trend of polarization with soap concentration has been ob- 
served with Acridine Orange as the tagging dye for calcium xenylstearate 
micelles (7). However, when micelles of this soap were tagged with Rhoda- 
mine B the polarization remained constant throughout the entire concen- 
tration range, indicating a constant micelle size. It was found that the 
discrepancy was due to a distinct difference between the properties of the 
two dyes. Rhodamine B is slightly soluble and colorless in benzene; when 
solubilized in the micelle it is spectrally absorbing and brilliantly fluores- 
cent. Although likewise only slightly soluble in benzene, Acridine Orange 
/ was both spectrally absorbing and fluorescent in the absence of micelles, 
where the polarization of its fluorescence was 0.01. However, when solu- 
bilized in the micelle, the polarization was 0.29. In view of the constant 
/ micelle size indicated by Rhodamine B, it was evident that the trend of 
| polarization with concentration was a composite effect resulting from 
the simultaneous fluorescence of Acridine Orange in two distinct micro 
environments. 

In the present study the trend is similar, but the details of its inter- 
pretation are necessarily different. Since Rhodamine B is neither spec- 
trally absorbing nor fluorescent in pure benzene, the low values of 
polarization are not attributed to free molecules of the dissolved dye. 
However, if some agent smaller than a micelle could interact with a dye 
molecule to convert it to a chromatically active state, the consequent 
' polarization of its fluorescence would be less than that expected from the 
dye solubilized in a micelle. It is proposed that the activating agent is the 
sulfonate monomer. 

Figure 1 is a plot of apparent aggregation number vs. stoichiometric 
concentration for the dinonylnaphthalene sulfonate systems. This ap- 
parent aggregation number is computed from V (Kq. [1]), the formula 
weight, and the apparent density of the sulfonate. In the concentration 
range studied, the apparent aggregation number reaches a plateau, which 
is taken to represent true aggregation number or micelle size at all stoichio- 
metric concentrations studied. Since the apparent aggregation number is 
derived from a composite polarization value, it approaches the true aggre- 
gation number when the micelle-borne dye molecules far outnumber those 
in the monomer-dye complex. 

Figure 1a is an enlarged plot of the dilute region of Fig. 1. Here an at- 
tempt is made to extrapolate the apparent aggregation number to infinite 
dilution. Although there is too much curvature to permit exact extrapola- 
tion, it is a reasonable estimate that the value is between 1.5 and 2 in 
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APPARENT AGGREGATION NUMBER 


e Ba(DNNS)> 
ONGDNNS 


0 b) 10 15 20 X10"* 
STOICHIOMETRIC CONCENTRATION, FW /L. 


Fria. 1. Influence of concentration on apparent aggregation numbers of 
dinonylnaphthalene sulfonates. 


both cases. The plots of Figs. 1 and la are consistent with the view that 
micelles and their independent monomers coexist (18, 19), and that a 1/1 
dye-sulfonate monomer complex is the nonmicellar fluorescent unit in 
both systems. 

At infinite dilution micelles should be expected to vanish. Then the 
anticipated values of apparent aggregation numbers for 1/1 complexes of 
Rhodamine B (F.W., 479; d”, 1.2) and sulfonate should be approxi- — 
mately 1.5 for Ba(DNNS), (F.W., 1057; d”%, 1.217), and 1.7 for 
NaDNNS (F.W., 483; d”°, 1.100), when the aggregation number is 
computed on the basis of the formula weights and apparent densities of 
the respective sulfonates alone. These values fall in the range of the extra- 
polation described above. There is independent support in the literature 
for the existence of dye-detergent complexes; Mukerjee and Mysels (20) 
isolated a pinacyanol-sodium lauryl sulfonate species, insoluble in water, 
but soluble in nonpolar solvents, and Subrahmanya eé al. (21) interpreted 
their colorimetric data to indicate the formation of complexes of crystal 
violet with Igepon T and Aerosol OT in aqueous systems. 

In the light of evidence for two states of dispersion for Rhodamine B in 
these systems, a further analysis of the Ba(DNNS),. system was made, 
based on the equation (7), 


Qm q Pe APY oa 
R BAG oa. R ™ = c $s x m [3] 
Q; Qs Pm — De 3 Ds ; 
where F is the ratio of dye in micelles to that in monomer-dye complexes, 
Q is the quantum fluorescence efficiency, p is the fluorescence polariza- 
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@ Ba(ONNS), 


APPARENT ‘AGGREGATION NUMBER 


O NaDNNS 


| | {Sehe— I | | 
0 5 10 1S 20 x10°& 


STOICHIOMETRIC CONCENTRATION, Fw./L. 


Fic. la. Extrapolation of apparent aggregation numbers to infinite 
dilution of dinonylnaphthalene sulfonates. 


tion, and the subscripts c, m, and s refer to the composite, the micellar, 
and the monomer-dye complex emissions of Rhodamine B, respectively. 
Figure 2 is a plot derived from the data of the Ba(DNNS)>, system. The 
extrapolation (7) to R = 0 estimates the location of the critical range 
for micelle formation, which is taken in this case to be 4 X 10 ' F.W. per 
liter. This value should be understood to indicate primarily an order of 
magnitude, since it is based on several unavoidable approximations and 
assumptions. 


The computation of R requires the assignment of appropriate numerical values 
for the quantities in Eq. [3]. Of these, p, is directly measured (Table I), and pm and 
qm are taken as equal to the average of the measured polarizations and efficiencies 
for the two most concentrated Ba(DNNS),. dispersions, in which micellar dye pre- 
ponderates. This leaves p, and q, to be established. Estimates of these quantities 
by extrapolation of p, and g, to infinite dilution are unsatisfactory, and possibly 
theoretically unjustified. A more appropriate solution involves the relation between 
the observed excited life, r- , and the actual excited lives, 7, and tm , when the dye 
exists in two states of dispersion in the same system: 


R 1 
SS SS [4] 


The simultaneous solution of Eqs. [1], [2], [3], and [4] established the values of 
p, and qs used to compute F#. For this treatment, Eqs. [1] and [2] were used to de- 
scribe the relation of ps , gs , and rs, for the dye-monomer complex (7 = ts , gq = 4 5 
and p = ps), whose hydrodynamic volume, V, was computed from the formula 
weights and apparent densities of the dye and Ba(DNNS). ; Eqs. [8] and (4) were 
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Fig. 2. Extrapolation to the critical concentration for micelle formation 
of barium dinonylnaphthalene sulfonate. 


applied to the data from the most dilute Ba(DNNS), dispersion (5 X 1077 F.W. per 
liter). The use of data from the most dilute solution is preferred because the results 
are then less sensitive to uncertainties in p» . 

In the case of Acridine Orange the ratio, R, of dye in micelles to dye in true solu- 
tion was in theory nearly a linear function of the micelle concentration, but in the 
present instance # is the ratio of micelle-borne dye to dye in the sulfonate mon- 
omer-dye complex, and because of the more complex equilibria involved it may 
not be as nearly proportional to the micelle concentration. However, R and the 
micelle concentration approach zero simultaneously. Hence, a short extrapolation 
of R should furnish an estimate of the location of the critical range which is less 
exact than that obtained in the simpler Acridine Orange case only to the extent that 
the curvature of the plot reduces the reliability of the extrapolation. 

No weight is given to the lowest point in the extrapolation. Although it is signifi- 
cant in indicating the continuity of the data, this point should be expected to lie 
to the left of the extrapolation locus because it is so near the critical range. 

The concavity of the plot toward the horizontal axis may be an indirect result 
of the unusually small micelles involved. For such small micelles the monomer con- 
centration required to satisfy the equilibrium between micelles and monomer is an 
increasing function above the critical range, rather than the nearly constant func- 
tion described for systems of larger micelles (17). Thus the monomer concentration 
increases several fold as the stoichiometric concentration rises from 10-8 to 1073. At 
high stoichiometric concentrations the increasing monomer concentration thus 
enhances the probability of (1) the monomer rather than the dye entering 
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the micelle and (2) the formation of the monomer-dye complex. Both effects will 
reduce the value of R at high sulfonate concentrations. 


The data for the NaDNNS system suggest an order of magnitude for 
the critical range similar to that found for Ba(DNNS),.. However, the 
same treatment of data for the NaDNNS system is unwarranted because 
of the lower consistency of these data. Rhodamine B, in the presence of 
NaDNNS, was extraordinarily sensitive to color shifts arising from dis- 
turbances of the acid-base equilibrium by contact with the glass of the 
reagent vessels and optical cells. Ba(DNNS), systems were more stable 
in this respect than those of NaDNNS. Such difficulties were not en- 
countered with the carboxylates previously studied, perhaps because the 
latter should be expected to buffer the system, whereas these sulfonates 
could not be expected to do so. 

The micelle size for the anhydrous Ba(DNNS). system was not 
markedly different from that found for the moist system, as is indicated 
by the data in Table I. Exploratory measurements with a dry dispersion 
of NaDNNS also indicated that micelle size was not sensitive to water 
content. 


SUMMARY 


Sodium and barium dinonylnaphthalene sulfonates form unusually 
small spherical micelles (aggregation numbers 12 to 13 and 7 to 8, respec- 
_ tively) in benzene, and the moisture content of these systems does not 
seriously affect the micelle size. The critical range for micelle formation 
by these substances lies between 1 X 10‘ and 1 X 10° formula weight 
per liter. The barium petroleum sulfonate studied formed micelles (ag- 
gregation number 34 to 35) of several times the size observed for the 
dinonylnaphthalene sulfonates. The difference in size is explained in terms 
of the geometries of the respective monomers. 

Observations reported here are consistent with the theory that micelles 
and free monomer coexist. 

The demonstration of the micellar nature of barium and sodium sul- 
fonates in benzene dispersions supports the solubilization mechanism pro- 
posed earlier to explain the reduced corrosion potential of acids in 
lubricating oils containing a neutral sulfonate additive. 

A new phenomenon affecting the fluorescence depolarization method has 
been observed, namely, the formation of complexes between Rhodamine 
B and certain amphipathic molecules. With a slight revision of previously 
developed theory, the data from systems containing these complexes now 
can be interpreted. 

Some refinements in the experimental techniques of studying micelles 
and some sources of error not previously encountered or recognized have 


been discussed. 
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RovTaTIONAL VISCOMETERS 


One of the principal conditions to be met in the determination of a 
plasticity diagram is that a homogeneous field of stress must exist in the 
material to be measured. So long as one has to deal with a Newtonian 
liquid, this condition is of no importance; however, as soon as there is no 
longer a proportionality between the shearing stress 7 and the rate of shear 
D, a D-r diagram can be determined unequivocally only in a homogeneous 
field. 

Such a field is obtained in rotational viscometers, at least if the clearing 
between bob and cup is small with respect to the diameter of the bob. 
Though the simple types of MacMichael and Stormer viscometers meet 
this demand, they usually do not allow of measurements at high shearing 
_ stresses. If it is desired to use shearing stresses as high as 10° dynes/cm.?, 
it is in most cases necessary to employ very expensive instruments. This, 
however, involves another drawback, namely, the difficulty of obtaining 
effective temperature control. For the heat developed at these high shear- 
ing stresses, also in the case of oils of only some tens of poises, leads to a 
perceptible increase of temperature, sometimes even as high as 5°C. (1). 
Henry Green (2) and Green and Weltmann (3) regarded the resulting de- 
crease in viscosity as a deviation from Newtonian behavior, and they 
based their thixotropy theory on the appearance of a hysteresis loop in 
the plasticity diagram. 

These views were afterwards partly retracted by Weltmann (4), as it 
became clear that it was the temperature increase due to internal friction 
which might be responsible for hysteresis loops. 

The occurrence of such marked temperature rises is associated with the 
fact that the heat developed in a homogeneous field of stress is the same 
throughout the liquid bulk, in contrast to the heat developed in the capil- 
lary viscometers, where the shearing stress, and therefore also the heat 
development, is greatest along the wall, as no heat is developed in the axis 
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of the capillary. In this type wall cooling is therefore more effective than 
in the case where the shearing stresses are distributed homogeneously. 


Tur Banp VISCOMETER 


In 1940 Wacholtz and Asbeck (5) constructed a band viscometer in 
which a homogeneous field of stress is created in a slit through which a 
band is drawn. This apparatus permits shearing stresses up to 10° dynes/ 
cm.2. The slit walls can be cooled to the desired temperature, just as the 
outer cylinder can be cooled in the rotational viscometer. The band passes 
through the liquid in the middle of the sht without particular construc- 
tions being necessary. Every other position of the band during operation 


leads to correction stresses, which force the band to the center. The band, | 


therefore, adjusts itself. 

The band viscometer has one drawback of a practical nature: it is dif- 
ficult to make not only an 80-cm. band of constant thickness but also, for 
that matter, an even metal slit. If it is desired to obtain high shearing 
stresses at not too short falling times, it is necessary to keep the distance 
between band surface and slit wall small. In this case the band thickness 
and slit width must have very small tolerances (6). 


THe Bar VISCOMETER 


The bar viscometer is already an old instrument. In 1903 Segel (7) gave 
a description of a cylinder which coaxially moves through a slightly wider 
hollow cylinder. Between the two surfaces there is the liquid the viscosity 
of which is to be measured. As with the rotational viscometer, a homo- 


geneous field of stress is obtained by giving the clearing between the two 


cylinder surfaces a small width with respect to the cylinder radius. The 
shearing stress at the wall of the inner cylinder is: 


re P 
21 IR, 
the rate of shear being: 
D= v 
R, In Re 
1 R, 
where P = load in dynes, 
! = length of outer cylinder in em., and 
v = rate of fall in em./sec. 


If R2/Ry 


1 + A, where A is a small figure, the rate of shear becomes: 


Dr v/R,A = v/(R»o = R,). 
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Fig. 2 
Fig. 1. Bar and ring of the bar viscometer. 
Fig. 2. Bar viscometer. 


The bar viscometer is relatively simple in construction. An accurately 
machined and polished bar, with a length of 38.00 mm. and a diameter of 
19.988 mm. is suspended in a holder, which itself is mounted to the stand 
by means of a spherical hinge. When the bar is released it can be balanced 
by means of a counter weight. The lower end of the bar projects through 
a ring with a height of 20.0 mm. and a diameter of 20.048 mm., fixed in 
the holder. The liquid to be measured is between the bar and the ring. 
The free end of the bar is now loaded, after which it falls through the ring. 
During the fall the weight of the bar is balanced by the counter weight 
and the internal friction of the liquid. The ring can be replaced by rings of 
slightly larger diameter, by means of which it is possible to control the 
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Fie. 3. D-r diagrams measured with the bar viscometer. 
O mineral oil 
X offset ink 
@ linseed oil varnish 
A news ink 


rate of fall at constant load. By using a narrow ring and a high load a 
shearing stress of 10° dynes/cm.? for highly viscous oils (e.g., 1000 poises) 
can be reached. 

The apparatus can be calibrated with oils of known viscosity. It has been 
found that using the O. B. oil of the National Bureau of Standards the 
calibration factors differ by only a few per cent from the values calculated. 

In the measurement of reference oils straight lines were obtained in the 
D-, diagrams up to a shearing stress of 10° dynes/cm.?. Other mineral 
oils also showed purely Newtonian flow. The risk of high shearing stresses 
leading to a measurable rise of temperature is much less with the bar than 
with the rotational viscometer, since the temperature effects due to heat 
generation are suppressed largely by using a narrow slit. A complete dis- 
cussion of the temperature differences and the heat transfer in a liquid 
layer sheared between coaxial cylindrical surfaces has been published by 
Weltmann and Kuhns (4). The heat capacity of the bar and the ring are 
large with respect to the heat of friction, while the heat conduction in the 
metal is more favorable than in the plastic material of the band viscometer. 
A drawback of the above construction is that no water bath can be fitted. 
As a result, the measurements have to take place in a room of constant 
temperature. 

In general, this bar viscometer is not suitable for the measurement of 
shearing stresses lower than 10! dynes/cm.?. Substances such as typographic 
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inks and offset inks often show structure viscosity and sometimes hysteresis 
phenomena. These are most pronounced at shearing stresses much lower 
than 10* dynes/cm.?. In this case the plasticity diagram must be supple- 
mented with measurements by the rotational viscometer. 

The drawbacks of the rotational viscometer are usually negligible at 
these low shearing stresses. 


REFERENCES 


. Miz, C. C., anp Gates, E. R., Anal. Chem. 25, 1390 (1953). 

. GREEN, H., Anal. Chem. 14, 576 (1942). 

. GREEN, H., anp Wettmann, R.N., Anal. Chem. 15, 201 (1943). 

. WELTMANN, R. N., anp Kuuns, P. W., J. Colloid Sci. 7, 218 (1952). 
. Wacnortz, F., anp AsBecx, W. K., Kolloid-Z.-93, 280 (1940). 

. Huuu, H. H., J. Colloid Sci. 7, 316 (1952). 

. SEGEL, M., Physik. Z. 4, 493 (1903). 

. Pocnretrtino, A., Nuovo Cimento 8, 77 (1914). 

. Puen, B. H. L. D., J. Sez. Instr. 21, 177 (1944). 


SCSONnNoanrk WN Ee 


MOLECULAR AREAS OF ADSORBATES 


J. J. Kipling 
The University, Hull, England 
Received October 26, 1954 


In the study of adsorption at solid surfaces, attention is increasingly 
paid to the orientation of the adsorbed molecules. The orientation is usually 
deduced by comparing the experimental value for the area occupied by 
the adsorbed molecule with the values expected for the several possible 
orientations. For this purpose, reference is often made to data obtained 
experimentally for insoluble condensed films on liquid surfaces, such as 
are recorded by Adam (1). The importance of these data is that they were 
obtained with a high degree of accuracy on a surface which can be taken 
as smooth even on the molecular scale. Such data, however, should not be 
used uncritically as criteria of orientation. An illustration from the recent 
literature may make this clear. 

It has been assumed (2, 3) that aliphatic alcohols are adsorbed on carbon 
surfaces with a vertical orientation. In a recent paper, Kipling and Tester 
(4) estimated that ethyl alcohol occupied 17.9 A.?/molecule when adsorbed 
on an active charcoal. This attracted the adverse comment (5) that the 
value is considerably smaller than that of 21.6 A.2/molecule obtained by 
Adam (1) for films of long-chain alcohols on aqueous substrates. In the 
solid state, however, docosanol occupies an area (perpendicular to the 
axis of the hydrocarbon chain) of 18.5 A.2/molecule (6), which is the same 
as is found in crystals of a long-chain hydrocarbon (7). This would be 
expected from a study of molecular models, as the oxygen atom is slightly 
smaller than the carbon atoms, and the —OH group therefore falls within 
the boundaries of the —-CH, chain. At one time, it would have seemed 
natural to accept Adam’s figure as the appropriate standard, as it is close 
to the value (20.5 A./molecule) which was obtained for so many other 
long-chain molecules (fatty acids, esters, amides, methyl ketones, ureas) 
that it was regarded as a property of the hydrocarbon chain. More recently, 
however, it has been shown for fatty acids that the value of 20.5 A.2/mole- 
cule (instead of the value of 18.4 expected from the X-ray results for the — 
hydrocarbon chain) is obtained in close-packed films only because the 
carbonyl group projects beyond the boundaries of the hydrocarbon chain 
(8, 9). It seems likely that this explanation can similarly be applied to all 
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other substances recorded by Adam (1) as having this molecular area, 
with the exception of amines on alkaline substrates. 

In the latter case, the amines are presumably present to a substantial 
extent in the hydrated form (as -aminium hydroxides), and the incorpora- 
tion of bound water in the surface film would account for an apparent 
molecular area greater than corresponds to that of the hydrocarbon chain. 
Such hydration by hydrogen-bonding would be expected to be more exten- 
sive with alcohols, which do, indeed, show a higher apparent molecular 
area than the amines. 

If this explanation is valid, it is clearly not always appropriate to use 
data from work on such films as criteria for assessing the orientation on 
hydrophobic surfaces (such as charcoal) especially in the absence of aqueous 
media. When alcohols and amines are adsorbed on hydrophobic surfaces, 
the value of 18.4 A.?/molecule seems to be the appropriate reference figure. 
This is subject to an important qualification. The values for long-chain 
compounds are for films designated as “‘solid.’”’ For short-chain compounds, 
more often the subject of investigation on solid surfaces, the films, even 
when close-packed, are usually regarded as “liquid” films. The latter would 
be expected to have a considerably higher coefficient of thermal expansion 
than the former, and there is some experimental evidence that this is the 
case. Comparisons with reference values should therefore be made with 
considerations of temperature in mind. 

In the light of the above argument, the agreement between the experi- 
~ mental value of 17.9 and the expected value of 18.4 A.2/molecule for ethy] 
alcohol adsorbed on charcoal is reasonable. There is, however, evidence 
(10) that the lower fatty acids are adsorbed on the same charcoal with the 
major axis parallel, and not perpendicular, to the solid surface. The orienta- 
tion of ethyl alcohol on the charcoal may not, therefore, be regarded as 
firmly established. The major point, however, that the surface molecular 
areas derived from studies on aqueous substrates do not always provide 
valid criteria for judging orientations on solid surfaces, is of much wider 
significance. 
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ABSTRACT 


The dispersibility of a series of liquids at high electric potentials was investi- 
gated experimentally and theoretically. Large electrostatic pressure plays a pre- 
dominant part in the process of dispersion and is a function of dielectric constant 
and radius of curvature of the liquid in the capillary. Nonpolar organic liquids 
having small dielectric constants could not be dispersed. Prediction of the dispersi- 
bility of a liquid can be made from knowledge of the value of its dielectric constant. 


INTRODUCTION 


When one applies a high potential to certain liquids contained in a 
glass tube ending in a fine capillary, the liquid issues from the capillary 
in the form of threads and, under certain conditions, as a highly dispersed 
aerosol consisting of drops of relatively uniform size. This formation of 
water threads was discovered by George Mathias Bose in 1745 and ascribed 
later to the reduction of surface tension by an electric field. In 1914 John | 
Zeleny (1) rediscovered this phenomenon and investigated it from the 
point of view of an electrical discharge from a liquid point. The experi- 
ments carried out by Burton and Wiegand (2) with electrified (up to 800 
v.) streams of water drops showed that the electrified water thread split 
up into narrower jets while the large electrified drops split up into smaller 
ones. The effect. was attributed to the repulsion between the similarly 
charged drops. 

Macky (3) investigated the behavior of single water drops of radius 
0.085-0.26 cm. in a strong electric field and found that elongated drops, 
at a definite field strength, became unstable and a filament became drawn 
out from the end of the drop. The critical field strength at which the drops 
became unstable is a function of the radius of the drop and of its surface 
tension. The drop size, therefore, decreased, so that there was a limit for 
the maximum-sized drops which could exist in a strong field. Recently, 
the electrical dispersion of liquids has again been investigated by Vonnegut 
and Neubauer (4). They suggest that this method be applied to the pro- 


1 This research was supported by Contract At(30-1)-1434 between the Atomic 
Energy Commission and Columbia University and was carried out in 1952-53. 
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duction of monodispersed liquid aerosols, since they observed Higher 
Order Tyndall Spectra. Our interest stems from this suggestion. 

No satisfactory quantitative explanation of this phenomenon has been 
suggested to date. 


EXPERIMENTAL 


By increasing the applied potential from zero to 12 kv. we have observed 
the stages of dispersion shown in Fig. 1. 

When a low potential was applied, the rate of production of droplets 
increased (B), and the droplets then became elongated (C) until a steady 
thread (D) was formed (at about 6 kv.); this thread separated into several 
smaller threads at a few centimeters from the capillary tip, the point of 
division approaching the tip (E) with increasing voltage. On further 
raising of the voltage, a cloud of fine droplets appeared in addition to three 
or four individual threads (F). Finally, the last thread disappeared (G), 
leaving a cloud of very fine droplets, visible in a dark room by transmitted 
light. This cloud also exhibited faint Higher Order Tyndall Spectra (HOTS). 

The potential at which the cloud first appears without threads depends 
on the capillary characteristics (radius, shape, wall thickness), on the 
field gradient, and on the liquid to be dispersed. No cloud of water could 
be produced at a voltage of 12 kv. by a capillary which formed droplets 
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Fig. 1. Stages of dispersion observed by increasing the applied potential. 
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Fig. 2. Stages of dispersion observed when a grounded plate was 
placed 1.5 cm. from the capillary tip. 
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larger than about 3 mm. in diameter at zero voltage. In the case of an 
asymmetrical capillary tip or the presence of some conductor in the vicinity 
of the capillary, disturbances of the threads or cloud were observed. 

When the field gradient was altered by the presence of a ground at a 
distance of 1.5 cm. from a capillary tip of 0.05 cm. diameter, the previously 
described stages were observed at lower voltages than without an applied 
ground, as shown in Fig. 2. When the voltage was raised beyond that 
required to produce the cloud, the Stages were reversed, 7.e., the smaller 
streams reappeared and the cloud disappeared entirely. Increasing the 
distance to the grounded plate from 1.5 to 4 cm. has the effect of increasing 
the voltage required to produce the cloud from 6 to 8 kv. 

If the capillary is placed in an insulated glass flask and a voltage applied, 
drop or stream formation ceases after a few seconds, apparently owing to 
the setting up of space charges. If a grounded wire is introduced into the 
flask, the fine spray is accompanied by droplets, which creep up the out- 
side capillary walls and then fly off at almost right angles towards the 
nearest walls of the flask at a distance of about 2 cm. Again, the fine spray 
disappears after a short time. 

The dispersibility of some liquids and their physical constants are 
given in Table I. All liquids used for dispersion in this work were of C.P. 
grade. To find out the relative dispersibility of the liquids listed in Table 
I, the same capillary at constant distance (~10 cm.) from the ground 
was used. The diameter of the capillary was approximately 0.06 mm. 
- Therefore, the curvature of the liquid surface in the capillary was very 
large and hydrostatic pressure was completely negligible (no drop formation 
on the tip of the capillary). 


CALCULATION OF ELECTROSTATIC PRESSURE 


The following pressures exist on a drop at the tip of a capillary: (Z) 
pressure due to surface tension (which is inversely proportional to the 
radius of the droplet), (2) hydrostatic pressure (which can be eliminated 
by using a very fine capillary), (3) excess vapor pressure on the curved 
surfaces (which can be neglected because of the relatively large radius of 
curvature of the liquid surface), and (4) electrostatic pressure on the 
surface of the liquid where the latter forms a boundary with air or another 
nonpolarizable medium. 

The electrostatic pressure, p, exerted by a liquid on a nonpolarizable 
boundary is given by the equation (5): 


2 d(e — 1) 
Sie [1] 


where H and £, are the field strength and its normal component, re- 
spectively, ¢ is the dielectric constant, and p is the density of the liquid. 


1 2 2 racy the 
Be eas a 1)[E" + (e — 1)Fn] a, 
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The first term of this equation represents the force perpendicular to the 
surface of the insulator where the latter forms the boundary with vacuum 
(e = 1) or another nonpolarizable medium (like air [e & 1]). This force 
tries to pull the insulator into the nonpolarizable medium. In our case, the 
force is applied on the surface of a drop at the tip of the capillary, 7.e., in 
the surface formed by the surface tension forces and having appreciable 
curvature providing sufficient field strength for dispersion. 

The second term represents the effect of electrostriction. 

The following assumptions are made in the derivation: 

1. The liquid is an insulator, 7.e., has a negligible electrolytic con- 
ductivity. It was found experimentally that the successful dispersion was 
possible if the specific conductivity of the liquid was less than 10 °Q°*em.* 
(6). 

2. The dielectric constant on the boundary between liquid (having 
dielectric constant «) and air (with dielectric constant 1) changed con- 
tinuously in the surface layer of the liquid. The thickness of this layer can 
be reasonably assumed to be equal to the dipole length. 

If we assume that the drop formed at the tip of the capillary is an ideal 
hemisphere, we can neglect the tangential component EL, of the field strength 
in the formula E” = E,” + EH, and substitute EZ, for EZ in Eq. [1]: 


p= dm'| de -%—,| [2] | 


T dp 
or, more generally, 


p = Choke Bl 


Therefore, to calculate the electrostatic pressure, p, it is necessary to have | 
an expression for the dielectric constant as a function of density. Such 
expressions given by Onsager (7) and by Henriquez (8) will be considered. | 

To make relative estimates of the electrostatic pressure possible, the | 
field strength must be determined. As a first approximation, E, = U/r., | 
where U is the applied potential and r,, the radius of the capillary. This | 
assumption makes it possible to compare electrostatic pressures for dif- | 
ferent liquids under a given applied potential. The actual radius of curva- | 
ture of the local fluctuation of the liquid surface (and therefore the field 
strength) is difficult to determine. ; 

A capillary so fine that no liquid will issue from it without application | 
of some potential was used. 
. 1. Onsager’s Equation: Onsager’s (7) theory of polarization of dipolar 
liquids in a constant electric field gives the following equation, which is in 


good agreement with the experimental data in the case of liquids with a 
weak polarity. 


(e — €)(2e + «) uJ 


€ 


Cp, [4] 
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where ¢ = (49n’/9kT)(e + 2)’, 7 is the dipole moment, and ¢ = n?. From 
Kq. [4] 


Ele 9 Se et ol] 5 


22 + €, 


Sr re 
The calculations give the following values for Cf(c) (Kq. [3]): for toluene 
0.11 and for benzene 0.11. 
2. Henriquez’ Equation (8): The measured value of dipole moments for 
a number of substances with both strong and weak polarity and those 
calculated from the Henriquez’ equation are in good agreement. This 
agreement justified the use of the Henriquez’ equation for the calculation 
of the electrostatic pressure. The equation is: 


ks a ee ap + b, [6] 


where a = (41n’/9kT’) andb = (qual )lexee 4)/8e + 7 (if € is greater 
than 20, a term (e — 1)° X 1.7 X 10° must be added to the denominator 
of Eq. [6]). 

The factor Cf(e) (see Eq. [3]) calculated from this equation is given in 
Table I for several substances. 


Discussion 


The distortion of the falling water droplets in a strong uniform electric 
“field observed by Macky (3) may now be explained by applying the above 
considerations. At each end of the polarized droplet, a certain electrostatic 
pressure exists which is in equilibrium with the surface tension. But, when 
the field is sufficiently strong, the surface disrupts at some segment and 
causes a decrease in the radius of curvature in that area. This increases 
the electrostatic pressure (p ~ 1/r’), causing a filament from the end of 
the droplet to be drawn out. The end part of the filament, being unstable, 
disintegrates into very fine droplets. It is interesting to point out that 
only the positively induced end of the droplet shows this behavior; the 
negatively induced end does not. In other experiments with liquids in 
capillaries, fine dispersion also occurred only if positive potential was 
applied (4). The explanation may be related to the fact that, as shown by 
English (9), there is a certain difference also between poste and negative 
corona, especially at larger curvature of the liquid surface. 

The same explanation as given above for Macky’s experiments is ap- 
plicable to the dispersion of liquids in capillaries; in this case, the field 
strength on the places where local fluctuations of the surface curvature 
occurred becomes high and, therefore, the threads of the liquid shoot out 


2 The reason for the local fluctuation in the curvature of the liquid surface is as 
yet not known; maybe it is small irregularities on the liquid surface such as elec- 


_trolyte products, dust, etc. 
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at a high velocity. Zeleny (1) has measured the velocity of a thread of 
about 4 » in diameter to be about 8m./sec. This means that the threads 
are emitted at very high pressures. They are stable owing to inertia, sur- 
face tension, and the presence of a field of like charges around them. At 
the critical potential for the start of fine dispersion (monodisperse aerosol 
formation), the surface tension forces are overcome by electrical forces of 
mutual repulsion and the main thread splits up into many symmetrically 
distributed thin threads, which become unstable and immediately dis- 
integrate into very fine charged droplets. 

The following conclusions can be drawn from a comparison of the data 
(for specific conductivity, dipole moment, and refractive index) given in 
Table I with the results of our experiments: 

1. Substances with specific conductivity lower than 10° @ “em.” and 
higher than 10° 2 ‘em. (6) (inorganic acids, salts) cannot be dispersed. 

2. Substances with dipole moments smaller than ~1 X 10° dyne’” 
cm. cannot be dispersed. Substances with larger dipole moments can be 
dispersed if their specific conductivity is not larger than 10° Q “‘cm.” ; 
otherwise the electrolytic conductivity cannot be neglected in the deriva- 
tion of the electrostatic pressure. 

3. If the coefficient Cf(e) of Eq. [3] calculated for a given liquid from 
Henriquez’ equation is 21, the liquid can be dispersed. 

The experiments also gave (indirect) proof that the surface tension is, 
at least for nonpolar (7 0) liquids, not influenced by the applied po- 
tential; substances with almost the same surface tension (such as toluene 
and acetone) behave completely differently with regard to dispersion. 
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ABSTRACT 


A weight-driven cone-and-plate viscometer is described. It has a simpler con- 
struction and can be used over a wider range than some other instruments of this 
type. Liquids with viscosities from 1 to 50,000 poises have been investigated, and 
rates of shear from 0.0002 to 9000 sec. have been achieved with this instrument. 
With one filling of the viscometer, a 1000- to 30,000-fold range of rates of shear can 
usually be covered. With concentrated polymer solutions, it is practically always 
possible to determine the zero shear viscosity. 


I. IntTRoDUCTION 


A great variety of instruments and techniques have been used to study 
the steady-state flow properties of non-Newtonian liquids as a function 
of rate of shear. In recent years, the advantages of the conical surface in 
~ a rotation-type viscometer have been exploited by several workers (1-7). 
The instrument to be described here shares with some of these the ad- 
vantages of a practically uniform rate of shear throughout all of the 
material, simple operation, easy filling and cleaning, direct calculation of 
results, and the requirement of a relatively small sample. It, however, is 
constructed more simply and can be used over a wider range of viscosities 
and rates of shear than many of them. Viscosities from 1 to 50,000 poises 
have been measured and rates of shear from 0.0002 to 9000 sec.! have been 
achieved with this instrument. With one filling of the viscometer, a 1000- to 
30,000-fold range of rates of shear can usually be investigated. In con- 
eentrated polymer solutions, it is practically always possible to determine, 
and to know that one has determined, the zero shear viscosity. In designing 
this instrument, simplicity of design, ease of operation, and range of 
usefulness were prime considerations. Since the main purpose was to cover 
a wide range of conditions, an accuracy of a few per cent was considered 


sufficiently good. 
1 The work discussed herein was performed as part of the research project spon- 


sored by the Reconstruction Finance Corporation, Office of Synthetic Rubber, in 
connection with the Government Synthetic Rubber Program. 
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Il. DESCRIPTION OF THE APPARATUS 


A schematic diagram of the instrument is shown in Fig. 1. The liquid is | 
sheared in the gap between the stationary truncated cone (1) and the 
rotating flat plate (4). A known torque is applied to the plate and the 
resulting angular velocity is measured. 

The cone is accurately positioned when the conical surfaces of its integral || 
shaft are held against the bearing surfaces of the spindle in the headstock 
(2) of a vertically mounted watchmaker’s lathe (3). It is kept from rotating 
by inserting the pin (12) into one of the 60 holes of the indexing head (18). || 
Almost flat cones with angles of approximately 14°, 2°, and 4° were || 
machined. Each was then truncated at the plane 0.0015 inch from its 
vertex. This made it comparatively easy to position the plate with respect 
to the cone and eliminated the danger of having the two elements in 
contact through a small error in positioning. Theoretical and experimental || 
justification for removing the tip of the cone to this extent will be given || 
later. Cones of two different diameters, 4 and 9 cm., are available. Since |} 
the inherent error in using the larger cones is less, they are used in most |} 
cases. (See next section.) They have the additional advantage, at low || 
shearing stresses, that the ratio of torque due to the viscosity of the liquid }} 
to that due to friction is larger, the larger the cone. The advantage of the |} 
smaller size cones is that higher rates of shear can be achieved with lower || 
weights. : 


Fig. 1. Schematic diagram of cone-and-plate viscometer. 
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The flat plate and its integral hollow shaft can turn with very little 
friction on the pivot shaft (5) which is held in the tailstock (8) of the 
lathe. The plate assembly is supported and positioned by the miniature 
pivot (6) and radial (7) bearings. A known torque is applied to the plate 
by hanging a weight (0.05 g. to 1000 g. are used) on a string which, after 
being led over a pulley, is wrapped around the cylindrical drum (9). 
Viscosities have also been determined on this instrument by driving the 
cone with a motor and measuring the resulting torque on the plate with 
either a balance or strain gauge. The present method of operation, how- 
ever; is preferable because it provides a wide range of speeds (from 10-* to 
10 r.p.s.) without the use of complicated and expensive constant-speed 
and torque-measuring devices. The motion of the plate is followed by 
reflecting the light of a galvanometer lamp from the mirror (10). For the 
slowest speeds, a traveling microscope is used to follow the reflection of the 
cross hairs of the galvanometer lamp. For the fastest speeds, a photo- 
electric setup is used. The light beam traverses a slit in front of a photo- 
electric tube and the resultant signals are amplified and recorded as pips 
on a Brush Development Company oscillograph. The speed of rotation is 
determined from the known chart speed and the distance between pips. 
For intermediate speeds, the light is allowed to fall on a ground glass scale 
and the time for 1, 0.03, 0.003, or 0.0006 revolutions is measured. The 
light from the mirror can always be made to fall on the scale by rotating 
the cone and plate as a unit and then fixing the headstock in an appropriate 
position through the use of the indexing head. This method is preferable 
to merely turning the plate because in this way the material in the gap is 
not sheared and one need not worry about letting the material relax again 
before resuming measurements. 

In filling the viscometer, the material is placed on the plate, which is 
then raised and clamped in its correct position. Very viscous liquids are 
transferred from their jars with the use of a hypodermic syringe, cut off 
at the bottom of the barrel so that the plunger can go all the way through. 
This allows the viscometer to be filled quickly and without the inclusion 
of air bubbles. The plate is brought into position by moving the tailstock 
against a stop (11) fixed to the lathe bed. The stop is adjusted so that a 
0.0013-inch gauge will slip through the gap between the flat surface of the 
truncated cone and the plate easily, while a 0.0016-inch gauge will not go 
through at all. 

To control the temperature, water from a thermostated bath is circulated 
through the labyrinthine channels of a tripartite jacket. A disc-shaped 
part (14) rests on the top of the cone, and two symmetrical parts (15) 
enclose the plate, gap, and sides of the cone. The latter, supported by rods 
attached to the lathe mount, can be moved aside to gain admittance to 
the gap and to allow the plate to be moved up and down. The temperature 
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can be determined by inserting a thermocouple into either the liquid or 
holes provided in each of the cones. 

To overcome friction in the plate assembly, a minimum torque must be 
applied. In this instrument, the amount of the frictional torque varies 
from less than 0.025 up to 0.3 gramweight cm. It is, however, constant 
within one run, as is attested to by the fact that, for a Newtonian liquid, 
the applied torque is a linear function of the speed of rotation of the plate. 


In a given run, the friction can be determined as long as low enough rates | 


of shear can be achieved so that such plots are linear and can be extrapolated 
to zero speed. By using this technique, it has proved possible to use ef- 
fective driving torques down to 0.05 gramweight cm. 


Ill. Some DrEsigN CONSIDERATIONS 


For design purposes, it is necessary to calculate the errors introduced 
by various types of misalignment. In these computations, the assumptions 
of a simple laminar type of flow and negligible contribution of inertia will 
be made. These assumptions should at least be valid at the low speeds of 
rotation and small total displacements at which most of the data are 
taken. 

The torque on the element of surface of the plate bounded by the cir- 
cular ares r and r + dr, and the lines ¢ and ¢ + dg, is f(r, ¢)n Qrdrdd, 
and the total torque, L, on the plate is given by 


b= l bd askoeeentaee " 


where r and ¢ are the usual polar coordinates in the plane of the plate, 7 | 


is the viscosity at the given rate of shear, Q is the angular velocity of the 
plate, and Qf(r, ¢) is the velocity gradient at the point (r, ¢). 

If we have perfect alignment, as illustrated in Fig. 2a, f(r, ¢) is simply 
1/6, and 


L = 2nnQR*/36 [2] 


where @ is the angle between the plate and the generator of the cone, and 
R is the radius of the plate. It is assumed that 6 = sin 6 = tan @ <1. 


If, as in Fig. 26, the apex of the cone is at a distance h above the plate, 
f(r, 6) isr/(h + 6r) and, if h/oR «1, 


L = (21nQR*/30)[1 — (3h/20R)). [3] 


If, as in Fig. 2c, the axis of the cone is tilted at an angle 8(<«1) with 


respect to the axis of the plate, but the two axes intersect at the center | 


of the plate, 


f(r, ¢) = 1/(6 + 6 sin 4), [4] 
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where the line ¢ = 7/2 is taken to be the line on the plane of the plate 
formed by the intersection of that plane with the plane determined by 
the axes of the plate and cone. Substituting Eq. [4] into [1], we find 


L = 2nnOR*/30[1 — (6/0)}” 
orif8B<@ 
L = (2rnQR*/30)[1 + 14(8/6)’]. [5] 


If, as in Fig. 2d, the axis of the cone is parallel to that of the plate, but 
displaced a distance b from it, 


S(t, ¢) = 7/0”? + 2br cos ¢ + b°)!”, 


| where ¢ = 0 is the line formed by the intersection of the plane of the plate 
| and the plane determined by the two parallel axes. If b « R, 


L = (2rnR’0/36)[1 + (7b’/3R?)). [6] 


If, as in Fig. 2e, the cone is truncated so that its plane surface is a circle 
of radius p positioned at a height / above the plate so that the apex would 
have been located at the center of the plate, 


L = (2970/1) ie rdr + (2nna/0) | r dr 
0 p 


= (2rnQR*/36)[1 — (p°/4R*)]. 


=r tL 
<0 h 


A 


Oo 
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Fig. 2. Types of misalignment that may be encountered in viscometer: (A) cor- 
rectly aligned; (B) vertically displaced; (C) tilted axes; (D) horizontally displaced; 
(#) truncated cone. 
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For a cone with R = 4 cm. and 6 = 2°, the following values for the 
above deviations will change the torque by 1% and thereby cause an 
error of 1% in the calculated value of the viscosity: h = 0.0010 cm., 6 = 
20 minutes = 0.005 radian, b = 0.26 cm., and p = 1.36 cm. The actual 
values of these quantities in this instrument are at worst h = 0.0005 cm., 
8 = 0.6 minutes, b = 0.005 cm., and p = 0.11 cm. (for the 2° cone). It is 
thus seen that these misalignments should cause an error less than 1% in 
the 2° cone and about 3% with the 14° cone. 

The viscosity at a given rate of shear is calculated by using the follow- 
ing equation, which can be deduced directly from Eq. [2]: 


n= (36ga/4mR’) Tm, 


where g is the acceleration of gravity, a is the radius of the cylindrical 
drum on which the string is wound, RF is the radius of the base of the cone, 
T is the period of revolution, and m is the mass of the driving weight in 
excess of that needed to overcome the frictional torque. The rate of shear 
is simply 27/67. 


IV. EXPERIMENTAL RESULTS 


Newtonian Liquids: For such materials, a plot of applied weight versus 
rate of shear should be a straight line through the origin with a slope | 
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Fia. 3. Plot of applied force against rate of shear for a Newtonian 
liquid—NBS oil N-16. 
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Fic. 4. Plot of applied force at low rates of shear for a non-Newtonian 
liquid—a 4% solution of polyisobutylene in decalin. 
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Fia. 5. Plot of apparent viscosity against rate of shear for a non-Newtonian 
liquid—a 4% solution of polyisobutylene in decalin. 
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Fic. 6. A comparison of results obtained with different cones for a 13% 
solution of polyisobutylene (Vistanex B-100) in decalin. 


proportional to the viscosity. Actually, owing to friction, the experimental 
results yield a linear plot with an intercept on the weight axis of about 
0.15 g. or less corresponding to a torque of 0.3 gram weight cm. or less. 
An example of such a plot is shown in Fig. 3. The liquid was a sample of | 
National Bureau of Standards Oil N-16, whose viscosity was 11.3 poises. | 
The graph shows results taken over more than a thousandfold range of 
rates of shear as the speeds of rotation varied from 0.0006 to 1 r.p.s. The 
intercept of 0.13 g. on the “0.1” scale corresponds to 0.26 gram weight 
cm. of frictional torque, but it is to be noted that the line on this scale is 
parallel to those obtained at higher weights and speeds. The viscosity 
calculated from the slope of the line and the dimensions of the instrument 
is 11.5 poises. 

Non-Newtonian Liquids: At sufficiently low rates of shear, such ma- | 
terials behave as Newtonian liquids. A plot of applied weight versus rate 
of shear for a 4% solution of a polyisobutylene fraction in decalin illus- 
trates this. (See Fig. 4.) The zero shear viscosity obtained from this line } 
is 609 poises, while that obtained on a torsion pendulum instrument is 
620 poises. The range of data available with one filling of the viscometer | 
is indicated in Fig. 5 where the data on this same solution are shown as a 
plot of apparent viscosity as a function of rate of shear. More than 5.5 
decades of rates of shear were covered. This is a rather favorable case. In 
most cases, only about four decades are covered. 
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Figure 6 shows data obtained with various cones on one non-Newtonian 
liquid — a 13 % solution of Vistanex B-100 in decalin. It is seen that cones 
of two different angles as well as the truncated and untruncated cones all 
give results in rather good agreement. 
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ABSTRACT 


The dynamic moduli and dynamic viscosities, as well as the apparent steady- 
state viscosities, in the polyisobutylene—-decalin system have been studied in con- 
siderable detail. It is found, above about 8% concentration, that it is necessary to 
assume that moduli are proportional to the square of the concentration, rather than 
to the first power, in defining reduced variables. With this assumption, data for 
solid polymer satisfactorily superpose on master curves with those of concentrated 
solutions. The same procedure achieves superposition for the apparent steady-state 
viscosities. The latter, when plotted as a function of reduced rates of shear, yield 
curves closely similar to, but not quantitatively identical with, those of the dynamic 
viscosities as a function of the frequency. It is suggested that in concentration ranges 
where c? is required in the reduced variables, and in the solid polymer, a temporary 
gel structure exists as a result of bimolecular association between monomer units in 
the polymer chains. The primary data are compared with the results of two recent 
molecular theories of viscoelastic behavior. 


Il. InTRODUCTION 


It has become customary to describe the dynamic behavior of visco- 
elastic systems, such as concentrated polymer solutions, by recording a 
dynamic modulus and a dynamic viscosity as a function of frequency and 
to interpret these quantities in terms of a mechanical model consisting of 
springs and viscous dashpots. A single element in such an array is charac- 
terized by a modulus and a viscosity coefficient, or by a relaxation time 
given by the ratio of the viscosity coefficient to the modulus. Since no real 
system is adequately described by a single element, nor by several, it is 
current practice to assume an infinite parallel set of Maxwell-type elements, 
each of which consists of a spring and a viscous dashpot in series, and to 
compute from the data the distribution of relaxation times, or strengths, 
necessary to describe the mechanical behavior of the system under con- 
sideration. In spite of its purely phenomenological character, the mechanical 


‘The work discussed herein was performed as part of the research project spon- 
sored by the Reconstruction Finance Corporation, Office of Synthetic Rubber, in 
connection with the Government Synthetic Rubber Program. 
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model approach has provided a very successful framework for the correla- 
tion of a great deal of data. Ferry (1) has shown that simple and reasonable 
assumptions about the dependence of the moduli and relaxation times on 
temperature and concentration lead to the definition of reduced variables, 
in terms of which data at widely differing frequencies, temperatures, and 
concentrations may be incorporated into master curves characteristic of 
the material. Although Ferry’s reduced variables have been notably 
successful, they are not applicable over the whole concentration range, 
since it is known that reduced data for solutions cannot be extrapolated to 
solid polymer (2). It has been further shown that a suitable modification 
(3) of the Maxwell model permits the inclusion of the apparent steady-flow 
viscosities and the associated Weissenberg effects in the same scheme. 
Reduced variables of the same form can be defined for these latter phe- 
nomena, and they can be interpreted in terms of the same moduli, relaxation 
times, and distribution function as the dynamic data. Some preliminary 
data bearing on these equations have been published elsewhere (4). 

Until recently there has been no molecular foundation for these pro- 
cedures, and it has not been possible to assign physical reality with any 
degree of confidence to the moduli and relaxation times employed. This 
situation has been materially improved by the appearance of two theories 
(5, 6) based on a detailed, though necessarily still approximate, analysis 
of the motion of long-chain molecules in a viscous medium. Though they 
differ in detail, both theories describe a viscoelastic material in terms of a 
modulus and a characteristic relaxation time. The modulus is found to be 
proportional to the number of effective chains per unit volume and to the 
absolute temperature. The relaxation time is determined primarily by the 
zero shear viscosity but also is inversely proportional to the concentra- 
tion of effective chains and to the absolute temperature. These are just 
the assumptions introduced by Ferry (1) and on which his reduced variables 
are based, if the number of effective chains per unit volume is set propor- 
tional to the concentration. ; 

In spite of continuing activity in this field, systematic data relating to 
the above discussion are somewhat scarce, particularly in the very low 
frequency, or low rate of shear, region. The present work was undertaken 
to aid in filling some of these gaps. Particular attention is paid to the slow 
end of the mechanical spectrum, both dynamic and steady-state, when 
long relaxation times predominate. There is also special interest in the 
relationship between the dynamic and the apparent steady-state viscosity 
and in the possibility of applying reduced variables to the latter. 


Il. ExPpERIMENTAL 


A commercial polyisobutylene, Vistanex B-100, with a number-average 
molecular weight of 370,000 and a weight-average molecular weight of 
1.06 * 10° was used throughout. Decalin, of C.P. Grade, was used as a 
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solvent. Concentrations of 3, 5, 7, 8, 10, 13, 17, and 20% by weight were 
studied. They were rotated for several days at elevated temperature to 
achieve homogeneity. Low frequency measurements were made in the 
range of 5 X 10-? to 1.5 cycles per second with the use of a torsion pendu- 
lum instrument which will be described more fully elsewhere (7). The 
instrument consists essentially of a cylindrical bob which is driven by a 
coil in a magnetic field. The coil is supplied with a sinusoidal current from 
a mechanically driven generator. The bob dips into a cylindrical cup 
containing the sample or, more conveniently, is just immersed in the 
sample in its jar container. Provision is made for independently measuring 
the amplitude and mechanical phase angle of the bob relative to the 
driving signal. From these data and the dimensions of the bob and con- 
tainer, the real and imaginary parts of the complex modulus, and the 
dynamic viscosity, are calculated. Measurements at frequencies of from 5 
to 100 cycles per second were made on a mechanically driven instrument 
(8). Apparent steady-flow viscosities were determined in a cone-and-plate 
viscometer which will be described in detail in a forthcoming paper. The 
lower part of this instrument is a horizontal circular plate mounted on low 
friction ball bearings and free to turn under a torque supplied by weights. 
Mounted coaxially above this plate is a fixed cone which makes an angle 
of 14° (or 2° or 4°) with the plate. The apex of the cone almost touches 
the plate and the sample is placed between the two. The apparent viscosity 
is computed from the speed of rotation of the lower plate produced by the 
application of a known torque. The particular virtue of this type of 
viscometer is the virtually constant rate of shear that is obtained over the — 
whole radius of the instrument. The apparent viscosities of the system 
under investigation are severely dependent on the rate of shear, and 
interpretation is greatly simplified if measurements can be made at a 
uniform rate of shear. In most cases, falling ball viscosities were obtained 
on the solution by dropping a small steel ball through the liquid contained 
in a test tube. The Faxen correction was made in each case. All measure- 
ments were taken at temperatures close to room temperature and the data 
corrected to 25°C., by means of the experimentally determined tempera- 
ture coefficient of viscosity. The dynamic moduli and viscosities of the 
solid polymer were obtained :at three temperatures, using the torsion 
pendulum instrument modified for solids. These data were reduced to the 
equivalent curves at 25°C., with the use of the reduced variables of Ferry 
(1). The zero shear viscosities of the solid polymer, necessary for this 
reduction, were obtained from the equation: 


0.51 10° 
os + 3.40 log M 


given by Leaderman (9). Here 7 is the zero shear viscosity, 7 the absolute 
temperature, and M the weight-average molecular weight. 


log » = —15.70 + 
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III. Resuutrs 


Considerable attention was devoted to obtaining reliable zero shear 
viscosities which are needed for the reduction of the raw data to master 
curves. It was found that falling ball viscosities were not always reliable 
for solutions with concentrations lower than about 8 %, apparently because 
the effective rate of shear for the smallest steel ball available (49-inch 
diameter) was too high. Most reliance was placed on results from the cone- 
and-plate viscometer, which is capable of giving very low rates of shear. 
A region of rates of shear could nearly always be found where, in this 
instrument, the viscosity was independent of rate of shear for a decade or 
more. The corresponding viscosity then was taken as the zero shear 
viscosity. It was also found, for all but the higher concentrations, that the 
torsion pendulum apparatus could be operated at frequencies sufficiently 
low so that the dynamic viscosity became independent of frequency and 
was in reasonably good agreement with the steady-state cone-and-plate 
results. Table I compares the zero shear viscosities obtained by different 
methods for the several concentrations. A log-log plot of zero shear 
viscosity against concentration is shown in Fig. 1. Above 3%, the plot is a 
straight-line with a slope of 5. This agrees with the result of Ferry (10), 
who found the viscosity of comparable solutions to depend on the fifth 
power of the concentration. 

The primary data for the dynamic moduli, the dynamic viscosities, and 
the apparent steady-state viscosities of the solutions are shown in Figs. 
- 2.3, and 4, respectively, and the data (reduced to 25°C.) for the solid 
polymer in Fig. 5. The torsion pendulum dynamic data in the very low 
frequency region for the 7% solution is shown on an enlarged scale in 
Fig. 6 in order that the behavior of the modulus and viscosity in the low- 
frequency range may be better observed. The rigidity, which has been 
successfully measured as low as tenths of a dyne per square centimeter, 


TABLE I 
Viscosity, poises 
Concentration Temperature 
= Torsion pendulum Falling ball Coe ne oat 
(Y by weight) (EQ) 
3.0 25.1 6.33 6.04 i 
5.0 24.8 56.0 59.2 58.0 
7.0 25.0 291 277 
8.0 25.0 600 427 597 
9.0 24.1 1,030 1,100 
10.0 25.6 1,620 1,700 1,760 
13.0 25.0 6,260 6,170 6,200 
Tie 25.0 20,800 19,300 
20.0 24.9 53, 100 54, 600 
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Fie. 1. Plot of steady-flow viscosity against concentration. 


virtually disappears at frequencies where the dynamic viscosity has | 
become, within experimental accuracy, independent of frequency and equal | 


to the steady-state zero shear viscosity. 

In Fig. 4, the dynamic viscosity curves, taken from Fig. 3, are plotted 
as dashed curves (with the rate of shear taken equal to the frequency) for 
comparison with the steady-state viscosities of the same solutions. It has 
been predicted (3), as a result of using a rotating coordinate system for 
the recoverable strain, that the apparent steady-state viscosity should be 
the same function of the rate of shear as the dynamic viscosity is of the 
angular frequency. This is seen to be not quite true. The shapes are the 
same, but the steady-state curve is displaced about a factor of 1.5 to the 
right. Since these data were obtained in the cone-and-plate viscometer, in 
which the rate of shear is constant, there is no ambiguity about the proper 
rate of shear to use, and it must be concluded that rate of shear is not 
quite quantitatively equivalent to frequency. 


[@) 


G' (dynes /cm?) 


I 1 
le) io? 107-2 io"! 1 io 102 of 
w (sec-') 


Fia. 2. The dynamic moduli as a function of frequency for solutions of 
various concentrations. 
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Fra. 3. The dynamic viscosities as a function of frequency for solutions of 
various concentrations. 
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Fic. 4. The steady-state apparent viscosities as a function of rate of shear for 
solutions of various concentrations. The dashed curves are the corresponding dy- 
namic viscosities. 
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Fie. 5. The dynamic viscosity and rigidity as a function of frequency for 
solid polyisobutylene. 
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_-Fic. 6. The low-frequency behavior of the dynamic rigidity and viscosity of a 7% 
solution of polyisobutylene in decalin. 


IV. Tue SuPERPOSITION oF DATA 


It is apparent from Figs. 2, 3, and 4 that the curves for the dynamic 
moduli, the dynamic viscosities, and the steady-state viscosities are, in 
each case, of the same shape for the different concentrations. Each set 
could be composed into a single curve by appropriate translations along 
the axes. With the assumptions that the concentration and temperature 
dependence of all the relaxation times is the same and measured by the 
zero shear viscosity, and that the moduli depend linearly on concentra- 
tion and temperature, reduced variables (due to Ferry (1)) which sum- 
marize the necessary shifts can be defined. These are G,’ = G’(Tco/Tc), 
mn = 1 /n, and w, = w(nToco/noT'c) where G’ is the dynamic modulus, 7’ is 
the- dynamic viscosity, 7 is the zero shear viscosity, T’ is the absolute 
temperature, c is the concentration in grams per unit volume, is the 
angular frequency, and co, 7’) , and m refer to an arbitrary reference state. 
This reference state is usually chosen so that 0 and co are unity. When 
these reduced variables were used with the data in Figs. 2, 3, and 4, they 
were found to be inadequate. The curves at low concentration superposed, 
but those at higher concentrations tended to be displaced progressively in 
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Fic. 7. A plot of the shifting factors required to achieve superposition of data for 
solutions of different concentrations. 


the direction of higher frequencies, or rates of shear. The assumption con- 
cerning the concentration dependence of the moduli can be modified to 
achieve superposition. All of the reduced variable treatment was retained 
except that c was replaced by f(c) and f(c) determined empirically from 
the shifts required to bring the curves into coincidence. Values of f(c) thus 
obtained were plotted against c. The first such plot suggested that c° might 
be involved. A plot of the function f(c)/c can be used to distinguish among 
various possibilities. If this is constant, the dependence is linear; if it is 
linear in ¢ and goes through the origin, the function f(c) is proportional to 
c’; and if it is linear but has an intercept different from zero, f(c) can be 
represented by ac + bc’ , where a and b are constants. A plot of the quanti- 
ties f(c)/c against ¢ is shown in Fig. 7. Of the several possibilities, a com- 
bination of the first two seems to best agree with the data. Up to about 
8%, the concentration dependence of the moduli appears to be approxi- 
mately linear; above this concentration they are more nearly proportional 
to ¢’. Although a certain latitude in curve shifting makes it difficult. to 
reach an unambiguous conclusion, it is at least quite clear that f(c)/c is 
not constant over the concentration range. The data in Fig. 7 could be 
considered as defining two separate lines, one horizontal (moduli linear in 
c), and one passing through the origin and linear in ¢ (moduli proportional 
to c’). The intersection of the two establishes the place where the concen- 
tration dependence changes and is judged to be about 8%. The form 
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TABLE II 
SL Saha no, poises G,/G" @,/@ 
3 6.5 2.66 Wino 
D 58 1.6 93 
7 290 JL sayy 3.0 X 10? 
8 6 xX 10? 1.00 6 xX 10? 
10 LOM 102 6.4 X 1073 1.12 < 103 
13 6.2 X 103 3.79 & 1071 2.35 X 103 
17 2.3 X 104 PAPA > 1K 5.08 xX 103 
20 5.2 & 104 Om Om 8.3 X 103 
100 3.8 X 10% Ora elms Pass >< KOS 


f(c) = ac + be’ cannot be firmly excluded, but reconstituted master curves 
using the resulting reduced variables were not quite as good as those 
based on the above assumption. 

On the basis of this interpretation of the results given in Fig. 7, new 
reduced variables were defined. The arbitrary reference state was chosen 
for convenience as a solution at 25°C. with unit viscosity and a concentra- 
tion of 0.08 (7.e., c. = 0.08). For solutions of 8% concentration and below, 
the reduced variables are G,’ = (G’T> 0.08)/(Tc), m’ = 9//n, and w, = 
wT) 0.08/Tc. For concentrations of 8% and above, the reduced variables 
are G,’ = G’T,(0.08)’/Te, n-’ = 7//n, and w, = wnT(0.08)"/Tc’. The 
reduced variables G,’ and w, , computed using this prescription, are listed 
in Table II for each of the concentrations, including solid polymer. For 
_the latter, a figure of 3.8 X 10° was used for 7 at 25°C. 

The dynamic data thus reduced are plotted in Fig. 8. It is particularly 
gratifying that the data for the solid polymer fit in so well on this plot in 
spite of the long extrapolation from 20% to 100% concentration. What 
discrepancy there is, is probably within some possible uncertainty for the 
zero shear viscosity of this sample. For comparison, the position that the 
20% and 100% viscosity data would have occupied relative to the main 
curve, if a linear dependence of moduli on concentration had been re- 
tained, is also shown. Likewise the position the 3% viscosity data would 
have occupied, if a square dependence had been used throughout, is shown. 
The c’ factor for reduced variables also seems to give a better reduced 
plot than the c factor used on data recently reported (11) on solutions of 
another sample of polyisobutylene in decalin. 

The reduced frequencies in Table II, which were used in constructing 
Fig. 8, were then used for the steady-state viscosity data of Fig. 4. The 
superposition thus achieved, with 7, now given by 1'/m, where 1 is the 
apparent steady-state viscosity at a given shear rate and where the rate 
of shear is substituted for the frequency, is shown in Fig. 9. In order to 
avoid confusion, only a few representative experimental points are shown 
for each concentration. The excellent result confirms the contention that 
reduced variables are as applicable to steady-state viscosities as to dy- 
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Fic. 8. The superposition of data achieved for different concentrations through 
the use of the proposed reduced variables. The lack of agreement that results from 
the use of variants on these variables is indicated by the dashed and dotted lines. 
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Fie. 9. The superposition of data achieved for the steady-state viscosities when the 
reduced apparent viscosity and the reduced rate of shear are used as variables. 
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namic data. The displacement that would have occurred had the 20% 
data been reduced using a linear concentration dependence, or the 3% 
data using the square of the concentration, is shown and is seen to be quite 
comparable to that obtained in the case of the dynamic data. The reduced 
dynamic viscosity curve from Fig. 8 is also included. As expected from the 
comparison in Fig. 4, based on the primary data, it has the same shape 
as the steady-state data but is displaced slightly. 
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V. Discussion 


The success achieved using a c’ dependence for the constituent moduli 
at the higher concentrations permits an interesting, though speculative, 
interpretation. It suggests the presence of a temporary gel structure re- 
sulting from a coupling between molecules. If this coupling originates in 
a bimolecular association between monomer links, it would be expected 
that the number of coupling points would vary as the square of the con- 
centration of monomer units. The molecular weight between couples 
would increase and the number of effective chains per unit volume, to 
which the modulus is proportional, would decrease with the square of the 
concentration as the polymer is diluted. At some point in the dilution, 
less than one couple per molecule will exist, the effect of the gel structure 
will disappear, and the effective number of chains per unit volume will be 
determined by the concentration and molecular weight of the polymer. 
The existence of a gel structure as a result of coupling between monomer 
units is consistent with the tendency of high molecular weight, but un- 
crosslinked, polymers to show a modulus plateau in the rubbery region. 
For polyisobutylene this plateau occurs at about 3 X 10° dynes/cm.” (12). 
This is a value which the simple theory of rubber-like elasticity would 
associate with a cross-linked network with a molecular weight of about 
8300 (in this case, 148 monomer units) between cross-links. If this is taken 
at its face value, it says that about one out of 74 monomer units in the 
solid polymer is involved in a coupling point (the fractional number of 
such units, po = 0.0135), where po(= 0.0135) is the fraction of monomer 
units involved in ‘cross-links’ at c = 1 and p is that at any other con- 
centration c. Gelation theory (13) says that the gel point should occur 
when y,, = (1/p), where y,, is the weight-average degree of polymerization 
of the primary molecules. If we take y. = 1.06 X 108/56 = 1/poc = 
1/0.0135 c, we should be able to calculate the concentration at which the 
“gel point” would occur. Above this concentration, we might expect the 
c? dependence of the moduli to become dominant. Solving this equation, 
we find ¢ = 0.064 the empirical choice of 0.08 for this critical concentration 
based on curve shifting. It is further to be noted that coupling of this sort 
plays an important role in the rather successful theory of the melt viscosity 
of polymers proposed by Bueche (14). Indeed, he considers a reasonable 
figure for the number of coupled chains to be of the order of one every 
several hundred chain atoms, which is the same order of magnitude as that 
deduced here from the value of the modulus plateau. 

The composite curves in Fig. 8 permit the approximate calculation of a 
relaxation distribution function, &, such that & dn 7 represents the con- 
tribution to the elastic reaction of relaxation times between In 7 and In r + 
dlnr. This function has been calculated using the second approximation 
method of Ferry (15) from both the modulus and viscosity curves. The 
results thus obtained from the data of Fig. 8 have been reduced to solid 
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Fre. 10. The relaxation distribution function obtained from the dynamic rigidity, 
the dynamic viscosity, the steady-flow viscosity, and stress relaxation (2). 


polymer using the relations ®, = ®(7/Tc’) and w, = w(To/T)(n/mc), 
where 7 is the zero shear viscosity of the solid polymer, taken as 3.8 X 
10” poises. The reduced data which now represent the distribution func- 
tion for solid polymer are plotted in Fig. 10. The solid points show the 
same function calculated by Ferry (2) (and taken from Fig. 7 of the cited 
paper) from stress relaxation data (16). The excellent agreement further 
justifies the use of c’ in the reduced variables. It thus becomes possible to 
infer the dynamic behavior of the solid polymer from data on solutions 
for this system. 

It should also be possible to approximate the distribution function from 
the steady-state viscosity data. It has been shown that this can be written 
in the same form as is customary for the dynamic viscosity (3), but with 
the rate of shear in place of the frequency, 7.e., 


ta = > (Girs)/(L + 770") 


where 7 is the apparent steady-state viscosity and Q is the rate of shear. 
It is readily seen that exactly the same procedure can be applied to the 
steady-state viscosity as to the dynamic viscosity for the derivation of 
the distribution function. This has been done and the result plotted as 
indicated in Fig. 10. The distribution function thus obtained is displaced 
from that for the dynamic data to the extent expected from the fact that, 
as noted in Figs. 4 and 9, the steady-state viscosity is equivalent to the 
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| dynamic viscosity at a frequency which is a constant factor times the 
_ rate of shear. 

The low frequency data reported in this paper on the dynamic rigidity 
and viscosity are particularly useful for a comparison with two recent 
molecular theories of viscoelastic behavior. The theories of Rouse (5) and 
| Bueche (6) both predict a relaxation spectrum, discrete at long times, as a 
| result of different modes of cooperative movement of long-chain coiling 
} molecules. Each furthermore yields an expression for a characteristic time 
that has no arbitrary parameters and which is determined primarily by 
the zero shear viscosity of the solution, Although they were derived for 
dilute solutions, there would appear to be no basic reason for their not 
being at least approximately applicable to more concentrated solutions. 
In the case of Rouse’s theory, this time is given by: 


r = (6n)/(n'nRT); 


| Bueche’s differs from this only by being twice as large. Here 7 is the zero 
i . . . ° . 

shear viscosity of the solution, m is the number of moles per unit volume, 
| & is the gas constant, and 7 the absolute temperature. If n is set equal 
to c/M, where c is the concentration in grams per unit volume and M is 


| the molecular weight, we have: 


rt = (6nM)/(n'cRT) 


7 = (129M)/(r°cRT) 


for the theories of Rouse and Bueche, respectively. The relaxation times 
have been calculated using the above expressions for an 8% solution of a 
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"1a. 11. A comparison of experimental data with the theoretical predictions of the 
theories of Rouse and Bueche for an 8% solution of polyisobutylene in decalin. 
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polymer of weight-average molecular weight (the polyisobutylene used in 
this work) 1.06 X 10°, and are found to be 0.19 or 0.39 second. From this, 
and the expressions given by the respective authors for n’/n and G’ as a 
function of w7, theoretical curves were computed for the 8% solution. 
The results are compared with the experimental data for this solution in 
Fig. 11. When it is considered that neither theory contains any adjustable 
parameters, the agreement must be considered extraordinarily good. 
Bueche’s viscosity curve shows almost perfect agreement in the neighbor- 
hood of wr = 1 but has a peculiar inflection just before this. The shape 
of Rouse’s curve is more nearly that of the experimental data but is some- 
what displaced from it. In both cases, the theoretical decrease more slowly 
at higher frequencies than do the experimental data, which seem to have 
a high-frequency slope of about unity. The theoretical moduli also show 
excellent agreement with the data, although the shapes differ somewhat. 
The primary difference in this respect is the low frequency behavior, where 
the theoretical curves both rise approximately with the square of the 
frequency. The experimental data, down to the lowest measurable moduli 
of below 1 dyne/cm.”, never seem to rise faster than with about the three 
halves power of the frequency. These discrepancies may be associated 
either with the presence of a wide molecular weight distribution in the 
sample or with the fact that the theories, which were derived only for the 
case of dilute solutions, are being compared with data obtained at rela- 
tively high concentrations. 
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ABSTRACT 


The contact surfaces of metals of cubic structure, produced by chemical etching 
are composed frequently of the (111) planes. The facets of metal crystals formed by 
etching are chemically more active than the edges and corners of the crystals. The 
area of the active zone found on an etched surface amounts to approximately 80% 
of the area of the contact surface. These experimental results were obtained by 
means of oxide replicas in electron microscopy. 


INTRODUCTION 


It is well known that there are “active centers’? on the surface of a 
catalyst. The real forms of the active centers found on metals have been 
investigated by means of oxide replicas in the present study. 


OcTAHEDRAL PLANES ON AN ErcHED SURFACE 
1. Electron Microscopy 


The iron single crystal here used was a wire (2 mm. diameter) prepared 
by repeated wire-drawing and annealing. The test piece of nickel single 
crystal was a disk (10 mm. diameter, 2 mm. thickness). The surface of the 
‘disk was oriented mechanically parallel to the (111) planes. These single 
crystals were prepared by 8. Kaya.’ The test piece of Permalloy single 
crystal (Ni, 81.5%) was cut from an ingot prepared by R. M. Bozorth 
and his co-workers (1). 

The single crystals of these metals were etched with an ethanol solution 
of bromine. The oxide replica films formed on these etched surfaces and 
isolated from them were observed by means of electron microscopy (2). 
The three micrographs obtained from iron, Permalloy, and nickel show 
octahedral figures regularly oriented (see Figs. 1, 2, and 3). 

The octahedral figures are also found on the etched surfaces of aluminum, 


1 Partly presented at the 13th International Congress of Pure and Applied 
Chemistry, Group 13: Surface Chemistry, Stockholm, Sweden, July 30, 1953. 

2 Prof. J. Horiuti (Hokkaido University, Japan) and Dr. T. Nakayama (Waseda 
University, Japan) lent the author these test pieces. 
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Fia. 1. Micrograph of the oxide replica formed on the etched surface of an iron 
single crystal. The octahedral figures regularly oriented are seen here. It can be seen 
that the oxide films are thinner at the reprinted crystal edges and corners than on 
the crystal facets. 


Fig. 2. Micrograph of the oxide replica formed on the etched surface of a 
Permalloy single crystal. The octahedral figures regularly oriented are seen here. It 


can be seen that the oxide films are thinner at the reprinted crystal edges and corners 
than on the crystal facets. 
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Fic. 3. Micrograph of the oxide replica formed on the etched surface of a nickel 
single crystal. The octahedral figures are reprinted in this oxide replica. 


stainless steel, etc. (2, 3). Figures other than the octahedral are some- 
times found on the etched surfaces of metals (3, 4). For iron and nickel 
suitable as catalysts the frequency of the appearance of the octahedral 
etch figure is considerably higher than that of the other figures. 


2. Electron Diffraction 


The etched surfaces of the same test pieces as for microscopy were 
observed by means of electron diffraction. The diffraction patterns obtained 
inform us of the orientations of the macroscopic surfaces of the test pieces. 
Figure 4 is the reflection pattern obtained from the etched surface of the 
iron single crystal. The orientation determined in Fig. 4 was compared 
with that observed in the micrograph of Fig. 1. The inclination (about 55 
degrees) of the (001) planes to the macroscopic surface in Fig. 4 is roughly 
equal to that estimated in the micrograph of Fig. 1. The diffraction patterns 
obtained from the etched surfaces of Permalloy and nickel were compared 
with the micrographs of Figs. 2 and 3. In this way it was concluded that 
the etched surfaces of the metals of cubic structure are composed frequently 


of the (111) octahedral facets. 
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Fic. 4. Diffraction pattern from the etched surface of the same iron single crystal 
in Fig. 1. The incident beam is parallel to the (001) and (110) planes of the body- 
centered cubic crystal (7.e., along a [110] zone axis). The inclination angle between 
the (001) plane and the macroscopic surface is approximately equal to that estimated 
in Fig. 1. 


CHEMICAL ACTIVITY OF CRYSTAL FACETS 


The facets of the metal crystals produced by etching are chemically more 
active than the crystal edges and corners. This is concluded readily from 
the electron micrographs of the oxide films observed in the present study. 

It is remarked in the micrographs of the oxide replicas that the oxide — 
films are thinner at the reprinted crystal edges and corners than on the 
crystal facets (see Figs. 1 and 2, ref. 5). The thickness of the former films 
is roughly estimated to be 100 A., whereas that of the latter films is about 
300 A. (6). This fact means that the crystal facets are about three times 
more active than the crystal corners and edges actually produced by 
etching. This phenomenon is always recognizable in the oxide replicas 
formed on the etched surfaces of metals (3, 4), and independent of the 
types of the etch figures found on metals. 


ACTIVITY COEFFICIENT OF ConTACT SURFACE AREA 


The ratio (a) of the active area to the contact area is roughly estimated 
from the micrographs of the oxide replicas observed. 


rarer, 
S+oa_ ‘Sy 


where S denotes the area of one crystal facet and o denotes the area of 
one crystal edge of an octahedron found in Fig. 1. The symbol a denotes, 
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as it were, the activity coefficient of contact surface area. If a/S is 0.2, as 
may be measured in Fig. 1, @ is 80%. The value of the activity coefficient 
is approximately constant among the micrographs of the oxide replicas 
taken by several microscopists (5). The summarized active area found on 
a metal surface is equal to the summarized contact area reduced by the 
activity coefficient. The summarized contact area may be estimated by 
means of physical adsorption. The conception of the activity coefficient 
here defined will be applicable to the results of catalysis experiments 
carried out with coiled wires of nickel and iron chemically etched. 


SUMMARY 


1. In the discussion of the contact surfaces of metallic catalysts, it is 
reasonable to employ the (111) plane of cubic lattice as the contact net 
plane. 

2. The facets of the metal crystals produced by etching are about 
three times more active than the edges and corners of the crystals. 

3. The area of the active zone found on an etched surface amounts 
approximately to 80% of the contact surface area. 
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ABSTRACT 


1. The mechanical stability of polystyrene emulsions is greatly affected by the 
nature and surface concentration of adsorbed ionic detergents. 

2. The electrokinetic potential of the particles in soap-protected polystyrene emul- 
sions is not affected by surface concentration of adsorbed soap. 

3. The variation of mechanical stability of polystyrene emulsions with adsorbed 
soap may probably be largely accounted for by steric interference of the adsorbed 
carbon chains. 

4. Work with a nonionic emulsifier indicates that mechanical stability of a pro- 
tected lyophobic colloid probably depends on both steric and electrical factors. 


INTRODUCTION 


The stability of a colloidal system is a term which refers to the capacity 
of the system to persist in an unaltered state of dispersion. Certain factors 
which limit colloidal stability, such as sedimentation and flocculation, lend 
themselves to precise analysis. Other factors, such as mechanical treat- 
ment, chemical, thermal, and electrical conditions, also exert important 
effects on colloidal stability, but usually these factors do not lend them- 
selves to precise analysis. Such factors are frequently of great practical 
importance, however, and this fact has stimulated the development of 
test methods for the evaluation and control of several aspects of stability 
which do not yield to complete theoretical treatment. Despite the fact 
that many of these methods are semiempirical, the results obtained by them 
possess theoretical as well as practical interest. The present contribution 
is based upon study of a specific instance of this sort, namely, the reaction 
of a certain type of aqueous lyophobic dispersion to the turbulence pro- 
duced by high-speed stirring. This reaction is commonly referred to as the 
mechanical stability of the dispersion. 

Numerous attempts have been made to account for the stability of 
lyophobic colloids on the basis of electrostatic repulsion, and in recent 
years a substantial advance along this line has been made by Verwey and 
Overbeek in their quantitative theoretical treatment of double-layer inter- 


‘ Contribution No. 144 from the general Laboratories of the United States Rubber 
Company, Passaic, New Jersey. 


194 


ALIPHATIC DETERGENTS AND POLYSTYRENE LATEX 195 


action (1). However, spontaneous flocculation due to Brownian motion 
is the only process contemplated by these authors, and application of their 
results has been made principally to unprotected inorganic colloids, such 
as silver iodide and the metal oxide sols. 

There is an important class of lyophobic dispersions, of which the hy- 
drocarbon polymers are typical, which are strongly stabilized by adsorp- 
tion of surface-active solutes at the polymer-water interface. Heretofore 
no purely electrical theory has been found adequate to account for the 
known behavior of these dispersions. One of the purposes of this contribu- 
tion is to supply data which elucidate the reason for this inadequacy of 
the electrostatic interaction theory in dealing with the stability of pro- 
tected colloids. 

A different approach to the problem of stabilization of colloidal disper- 
sions has been advanced by Mackor and van der Waals (2). They have 
considered an example in which no electrostatic effects can be involved, 
namely, a dispersion of carbon in liquid paraffins with adsorbed dodecyl 
benzene as a stabilizer. In this case flocculation is assumed to be hindered 
by mutual interference of the hydrocarbon chains of the adsorbed alkyl 
benzene, and the free-energy change resulting from the crowding of chains 
necessary to permit flocculation can be calculated. 

It seems reasonable that both types of stabilizing influence may have 
significant effects in the case of aqueous polymer dispersions containing 
ionic surfactants adsorbed at the polymer-water interface. The measure- 
~ment of mechanical stability has been adopted as a tool to study this 
possibility in carefully prepared aqueous polystyrene dispersions stabilized 
with either potassium palmitate or potassium laurate. Some discussion of 
similar dispersions stabilized by a nonionic surfactant is also included. 

We have investigated this matter by finding out how the amount of 
soap adsorbed at the polymer-water interface affects (1) the stability of 
a dispersion and (2) the double-layer potential at the interface. For in- 
formation about stability we have had recourse to the mechanical stability 
test; for data on the double-layer potential we have depended on electro- 
phoretic mobilities. Experimental results of this sort are significant only if 
they are obtained under properly controlled conditions, and we shall ac- 
cordingly discuss an essential requirement. 

The stability of aqueous colloidal dispersions is in general affected by the 
nature and concentration of the ionic atmosphere in the aqueous phase. 
A similar assertion is valid with regard to the adsorption of surfactants 
and the double-layer potential at an interface. Recently it has been shown 
(3) that in a salt-bearing solution of an ionic surfactant the concentration 
of gegen-ions plays a very important role in determining the adsorption 
equilibrium at the air-water interface, whereas the concentration and 
valence of ions having the same sign as the surfactant ions have a negligible 
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effect on adsorption. There is reason to believe that a similar importance 
attaches to the gegen-ion concentration in an aqueous dispersion protected 
by an adsorbed surfactant. Thus in our polystyrene dispersions, which 
were protected by either K-palmitate or K-laurate, care was taken to 
control the total concentration of K-+ dissolved in the aqueous phase, 
but the nature of the surface-inert anions, which usually were confined to 
carbonate, bicarbonate, and persulfate, was regarded as being of minor 
importance, except for effects on pH, which was maintained at 10.5 by 
means of a carbonate-bicarbonate buffer. Since it has been shown (3) that 
gegen-ions and surfactant ions are adsorbed in approximately equal num- 
bers at the air-water interface, it was assumed that a similar equivalence 
prevails in the adsorbed layer at the polymer-water interface, and that the 
adsorbed gegen-ions make no contribution to the concentration of dissolved 
gegen-ions in the aqueous phase. Control of the gegen-ion concentration 
along lines indicated in this paragraph was a distinctive feature of all our 
experiments, and was essential to interpretation of the results. 


Metuops AND MATERIALS 
The Mechanical Stability Test 


For our purpose in this paper the mechanical stability of a polymer dis- 
persion is defined as the number of seconds required to produce complete 
flocculation by high-speed stirring of a 60-ml. specimen of the dispersion 
containing 24% by volume of solid polymer. The specimen was contained 
in a square 8-ounce glass sample bottle, and the stirring rate was 14,000 
r.p.m. A special perforated blade 34 inch in diameter was used. No tem-- 
perature control was imposed. 

The test as described in the preceding paragraph possesses several 
arbitrary features, but no apology is offered for them, since the test is not 
known to have any absolute significance. Reproducibility of results was 
highly satisfactory in the dispersions here tested. This was all that was 
required of the test, since we used it only to inquire how the stability 
changed as we varied certain conditions. 

Perhaps the selection of complete flocculation to indicate the end point 
deserves comment. Most of our experiments were performed on polystyrene 
dispersions stabilized with potassium palmitate at surface concentrations 
insufficient to saturate the polymer-water interface. No trouble with 
foaming was caused by stirring in palmitate-stabilized systems, and the 
end points were sharp and easily recognized. However, in potassium- 


laurate-stabilized dispersions foaming trouble was encountered, and the 
results were less precise. 


Electrophoresis 


Electrophoresis measurements on polymer dispersions were made by 
use of the moving boundary method due to Tiselius (4). All measurements 
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were made in potassium palmitate solutions below the critical micelle 
concentration, and equilibration of the dispersion and its bounding solution 
was accomplished by dialysis. Density differences and current densities 
were such that sharp boundaries could be maintained without resorting to 
the low-temperature feature of the Tiselius method. Movement of the 
boundaries was followed by direct observation with a cathetometer. 


Surface Tension 


The drop-weight method was employed, using the corrections of Harkins 
and Brown (5). 


Soaps 


Potassium palmitate and potassium laurate were prepared by careful 
neutralization of the free acids in the best grade supplied by the Eastman 
Kodak Company. 

All other reagents were of analytical grade and were used as supplied. 


Particle Size 


Statistical data on average particle size and specific area of the polymer 
dispersions were obtained from electron photographs. 


RESULTS AND Discussion 


In presenting experimental data we have reported adsorption in terms 
of the molar surface concentration of soap, and have confined ourselves 
to the region of surface concentrations below the saturation level. This 
means that in the palmitate-stabilized dispersions only a negligible fraction 
of the soap was dissolved in the water phase, and also that the concentra- 
tion of soap in the water phase was negligible with respect to the concen- 
tration of buffer salt used. The circumstances were different in the laurate- 
stabilized samples, and the equilibrium concentration of soap had to be 
taken into account in reckoning both the adsorption and the total gegen- 
ion concentration. This was done with the aid of a previously established 
adsorption isotherm of potassium laurate on polystyrene at the appropriate 
gegen-ion concentration. 


Electrophoresis and Mechanical Stability of a Polystyrene Dispersion 
Stabilized with Potassium Palmitate 


The dispersion was originally produced with potassium palmitate as the 
sole surfactant in the polymerization recipe, and no cations other than 
potassium were introduced at any time. 

Specimens of this dispersion were prepared for electrophoresis by ad- 
justing the polymer contents to 1% at various desired soap levels and by 
adjusting the total K+ concentration in the serum to 0.1 molar with the 
aid of a buffer mixture of K,CO3 and KHCO; at pH = 10.5. Each 1% 
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dispersion was dialyzed for 20 hours against the solution which was sub- 
sequently employed as the bounding solution in the electrophoresis cell. 
In order to test the effectiveness of dialysis in securing equilibration with 
respect to soap, surface tension measurements were made on both the 
dispersion and the bounding solution. Since the electrolyte concentration 
and pH level were the same in all solutions and since the dissolved soap 
content was negligible by comparison to the total electrolyte, the surface 
tension could be interpreted unambiguously as a measure of the dissolved 
soap concentration. Complete data on the surface tension and electrophore- 
sis measurements are given in Table I, in which the following symbols are 
employed: 


s = surface concentration of soap in moles/em.? at polymer-water 
interface. 

7, = surface tension of bounding solution in dynes/cm. 

vy. = surface tension of 1% polystyrene dispersion in dynes/cm. 

H, = electrophoretic mobility of advancing boundary in cm.?/volt sec. 

Hy» = electrophoretic mobility of receding boundary in cm.?/volt sec. 

H = average electrophoretic mobility of the particles in cm.?/volt sec. 


Specimens for mechanical stability testing were derived from the same 
latex and were adjusted to the desired soap levels and to 24% polymer by 
volume. Gegen-ion concentration in the serum was adjusted to 0.1 molar 
with the aid of a K»CO3;-KHCO3; buffer at pH = 10.5. Results of the 
stability tests are listed in Table II. 


Inspection of Tables I and II discloses that the amount of soap adsorbed - 
has no effect on electrophoretic mobility. However, mounting soap ad- 
sorption in the same range causes an increase of mechanical stability which 


TABLE I 


Electrophoretic Mobility of Polystyrene Dispersions Stabilized with K-Palmitate 
[K+] = 0.1 Mole/liter; pH = 10.5 


105 (moles/cm.?) Ny Yo 10471 104H> 1047 
0.4 62.6 63.7 —6.65 —6.50 —6.57 
1.0 52.0 51.5 —On00 —6.30 —6.62 
3.4 38.0 38.5 —6.20 —Onl0 —6.15 
TABLE II 


Mechanical Stability vs. Surface Concentration of Potassium Palmitate 


100s (moles/cm.2) t (sec.) 


0.52 4 
0.76 12 
1.04 55 
1.30 186 
On 504 
1.83 > 1000 
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amounts to several orders of magnitude. Thus it becomes clear that in a 
dispersion protected by an ionic surfactant mechanical stability may be 
affected strongly without altering the electrokinetic potential. This does 
not imply that the electrokinetic potential is without effect on stability, 
but it does demonstrate that this potential is not the exclusive or even the 
dominant factor in controlling stability. 

Before entering upon a detailed discussion of the significance of this 
result we shall present a more extensive set of data on mechanical stability. 


Mechanical Stability: Dependence on Soap Adsorption and Length of 
Carbon Chain 


We shall first consider a set. of dispersions prepared with potassium 
palmitate as the sole stabilizer and with no cations other than K--. The 
first member of the set was produced in a manner very similar to that in- 
dicated in the preceding section. The second member of the set was pre- 
pared by use of the first member as a seed. Thus the average particle 
diameter was increased without initiating any new particles. The third 
member of the series was prepared by use of the second as seed, and 
So on. 

Each finished dispersion was subjected to a determination of mechanical 
stability at three desired levels of surface concentration of adsorbed soap. 
Specimens for stability determinations were prepared by adjusting the 
polymer contents to 24% by volume and by adjusting the serum electrolyte 
contents to 0.1 in K+ with a K,CO;-KHCO; buffer mixture at pH = 10.5. 
Data are listed in Table III and are graphed in Fig. 1. 

We shall also consider a set of dispersions stabilized solely with potassium 
laurate. The upper members of this set were also prepared by seeding. Ad- 


TABLE III 


Mechanical Stability Data on Polystyrene Dispersions at Various Average Particle Sizes 
vs. Adsorbed K-Palmitate 


Dispersion # 105a (cm.)* 10s (moles/cm.2) t (seconds) 
1 0.99 0.81 9 
NO 61 
1.33 427 
2 1.68 OZ 6 
1.57 146 
1.81 492 
3 3.12 1.40 11 
1.79 149 
Be ie 1012 
4 5.30 1.93 13 
2226 96 
2.48 325 


* Area average particle diameter. 
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MECHANICAL STABILITY (SECONDS) 


1.0 i 2.0 
10'© x SURFACE CONCENTRATION OF SOAP IN MOLES /CM& 


Kia. 1. Mechanical stability of polystyrene dispersions vs. surface concentra- 
tions of adsorbed soap. O K-palmitate-stabilized; AK-laurate-stabilized. 


TABLE IV 


Mechanical Stability Data on Polystyrene at Various Average Particle Sizes vs. 
Adsorbed K-Laurate 


Dispersion * 105a (cm.) 101s (moles/cm.?) t (seconds) 
5 2.19 1.91 67 
2.38 280 
6 20 1.91 31 
2.38 61 
7 3.31 1.91 13 
2.38 22 
8 3.60 1.91 4 
2.38 10 


justments of polymer contents and serum electrolyte were made as before. 
Owing to trouble with foaming, which obscured the end point, the data 
cover a smaller range of adsorptions and exhibit less precision than in the 
case of the palmitate-stabilized dispersions. Data are listed in Table IV 
and are also graphed in Fig. 1. 

Reference to Fig. 1 shows that the data on the palmitate-stabilized dis- 
persions exhibit the following features: 

1. The logarithm of ¢ is a linear function of s. 
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2. The slope of the log t vs. s curves is independent of average particle 
size. 

3. The numerical value of stability decreases with increasing particle 
size. 

Of these, the first two lend themselves to analysis, whereas dependence 
of stability on particle size does not appear to do so. 

Data on the laurate-stabilized dispersions are less definite, largely be- 
cause of a lower degree of precision. These data imply, however, that K- 
laurate is a less effective stabilizer than K-palmitate. There also appears 
to be little question that the slopes of the curves are smaller in the laurate 
system than in the palmitate. 


Discussion of Slopes of Stability Curves in Figure 1— 
Palmitate-Stabilized Systems 


We have shown that the surface concentration of adsorbed soap at the 
polymer-water interface affects the mechanical stability of a dispersion 
without producing any change in the electrokinetic potential. We shall 
now inquire whether the entropy change caused by the crowding of ad- 
sorbed hydrocarbon chains when two protected surfaces impinge on one 
another is sufficient to account for the observed dependence of mechanical 
stability on surface concentration of adsorbed soap. The method of calcu- 
lation used in pursuing this inquiry is rather crude and ignores several 
factors which would probably have important effects on the final result. 
- Nevertheless it is felt to be of some interest to determine whether this 
entropy effect makes a substantial contribution to the total effect. The 
mode of approach was suggested by the work of Mackor and van der 
Waals (2). 

The rate of a chemical process is expressed by the Arrhenius equation 


—dN/dt = Af(N) exp (—E/RT), [1] 
where N is the number of molecules reacting. 


f(N) is some algebraic function of NV. 

E is the activation energy of the process. 
T is absolute temperature. 

R is the molar gas constant. 

A is a constant. 

tis time. 


We can now integrate [1] and obtain 
Av! feta 
t i ae exp (E/RT) No f(N)’ [ a] 


where the lower and upper limits are the initial and final numbers of mole- 
cules involved. 
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Taking the logarithm of both sides of [la] and differentiating with re- 
spect to s, we obtain 


d log t/ds = (1/RT) (dE/ds). [10] 


We shall now assume that a flocculating dispersion is analogous to a 
chemical reaction in which the molecules are replaced by dispersion par- 
ticles. We may then identify d log t/ds of Eq. [1b] with the slope of the 
logarithmic stability curve, and we may further identify # with the free- 
energy change resulting from the coagulation process. For our purposes 
we are neglecting terms in H which may be due to heat effects, desorption 
effects, and clectrical effects, and are retaining only the term which arises 
from the entropy of crowding as two protected surfaces approach each 
other. We proceed to make use of a formula given by Guggenheim (6), 
after Huggins (7), to calculate the free energy corresponding to this 
process, neglecting heat effects and volume changes. 

The Guggenheim-Huggins formula expresses the free-energy change which 
occurs when a long-chain molecule dissolves in a small molecule solvent. 
Since heat effects and volume changes are treated as negligible, the only 
surviving term is that due to the change in entropy. The equation given 
by Guggenheim reads 

Ny N, rN, 


ee ; 
RT — Ni +N, "Mi +eN, | Ni EN, 9 Mp Ne 


Mingcgt ns N, + rN, @ qN, 1 r 9 
2b,” NeshgNhn 2 Nel qa 
where F = free energy per mole. 


N, = mole fraction of solvent. 

, = mole fraction of solute (long-chain molecules). 
= volume of 1 mole of solute/volume of 1 mole of solvent. 
= a factor whose value is 6 for an open-chain molecule. 
(1/z) [r(e — 2) + 2] = (1/8) (2r + 1) when z = 6. 
absolute temperature. 
= molar gas constant. 


I 


Se SS SS 
I 


This equation was deduced from consideration of a nonpolar polymer 
dissolving in a nonpolar solvent. The subscript m in the left member 
signifies that the free-energy change refers to 1 mole of solution. 

It is recognized that it is not strictly valid to utilize Kq. [2] in a discus- 
sion of the behavior of adsorbed soap molecules at a polymer-water inter- 
face, inasmuch as this system fails to conform to several assumptions which 
were made in deducing the equation. It is clear that we are ignoring heat 
effects, orientation effects, and volume changes, which in our system 
almost certainly contribute to the total value of the activation energy of 
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coagulation. We must emphasize that our sole reason for employing Hq. 
[2] is to inquire whether or not the entropy of crowding is an important 
term in the activation energy appearing in Eq. [1b]. We shall be satisfied 
if Kq. [2] predicts the right order of magnitude for the slopes of the curves 
in Fig. 1. 

Equation [2] may be rewritten so as to give AF for 1 mole of soap by 
multiplying both sides by (Ni + N,)/N,. 


liber yin Mullet yys ant. 
Pore NacueN a NG Ny-borN, 
ee shea In Brae aed Ine [2a] 


oa MENS Ni ie 


We now restrict attention to a layer at the polymer-water interface 
and consider that this layer is of sufficient thickness to contain the ad- 
sorbed soap molecules. The space not taken up by soap is occupied by 
water molecules at the normal density of liquid water. Let 


n = the number of moles of water per cm.’ of adsorbed layer in 
absence of soap; 
then N, = n — 1s, 
N, = 8, 


and Eq. [2a] becomes 


AF n rs rs rs 
RT ="(1 -2)in(1 - 2) +n(®) 


afi -"=45)in(1 —"245) Hin? 2b] 
28 n n 2G 


We assume that on coagulation the surface concentration of soap is 
doubled in the area of contact, and that hence the free energy per mole of 
soap in the region of contact is given by replacing s with 2s in Eq. [2b]. 
The change of free energy per mole of soap due to coagulation is 


AF(2s)_ AF(s) _ nf, _ 2) = (1 ms | th af = ane = 2) 
RT |i aie n oleae iy i 
mmf, _ t= 4 ar) 
+ In2 me (1 Z = s) In (1 A 
Fs (| (me a eee | a! 3 
+2 - s)in(1 5 s) [3] 


We may now calculate numerical values of the left member of [3] for 
various values of s in the range which is of interest according to Fig. 1. 
The thickness of the adsorbed layer has been taken to be 18 A, and n 
is thus fixed at 10-* mole/cm.?; r is set equal to 17; c equals 11.7. Table V 
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TABLE V 
10105 2.3 (1/RT) [AF (2s) — AF(s)] 2.3 (1/RT) [AF (2s) — AF(s)] per cm? 
0.5 0.553 0.276 X 10718 
1.0 0.869 0.869 XK 10719 
15 1.291 1.940 X 107?° 


shows the results of calculation, after conversion to logarithms to the base 
10, for a few values of s. 
We now identify [AF(2s) — AF’(s)] per cm.” of Table V with the activa- 


tion energy E of Eq. [1b]. Setting 2.8 (1/RT[AF(2s) — AF(s)] per cm? 
equal to G, we find that the mean slope of the G vs. s relation is given by 


dG 


ae 2 X (0.869 — 0.276) = 1.18 in the interval 0.5 S s X 10" S 1; 
s 


= 2 X (1.940 — 0.869) = 2.14 in the interval 1 S s X 10" S 1.5. 


The experimental slope of the stability curves obtained from the palmi- 
tate-stabilized latices is 2.7. The agreement in order of magnitude is thus 
satisfactory, and we infer that the change in entropy due to crowding of 
adsorbed soap molecules makes a significant contribution to the free 
energy of the coagulation process. 


Effect of a Nonionic Stabilizer 


A dilute dispersion of polystyrene was made with nonionic detergent of 
the polyethylene oxide class, with an oleyl group at one end of the chain. 
Despite the presence of an excess of detergent this dispersion was very 
unstable and flocculated completely after a few hours of standing. An ~ 
electrophoresis experiment disclosed that the particles had zero electro- 
phoretic mobility. This is a significant observation, since it indicates that 
the interference of adsorbed hydrocarbon chains is not in this case sufficient 
to impart any great degree of stability. 

The same nonionic detergent was found to be capable of completely dis- 
placing adsorbed potassium palmitate from the polystyrene-water inter- 
face. This was demonstrated with the aid of a technique in which radio- 
active soap was adsorbed and displaced from the interface between water 
and a thin film of polystyrene. Details of the method have been previously 
published by the writers (3). 

Despite the apparently complete removal of adsorbed soap by the non- 
ionic detergent, a polystyrene latex containing both soap and the nonionic 
was more stable mechanically than in the presence of either detergent 
alone. Furthermore in the presence of both detergents the particles ex- 
hibited a finite electrophoretic mobility less than that in absence of the 
nonionic, but greater than that in the absence of soap. 

From these observations we infer that stability in this system requires 
a certain degree of cooperation between electrical and steric factors. Al- 
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though the precise nature of the balance which is required between the 
two is little understood, it is evident that neither one alone is adequate to 
account for the observed facts. 
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INTRODUCTION 


With the advancement of colloid science the interest in the precise 
structure of the electric double layer has increased considerably. Until 
recently the theoretical description of the double layer formed on planar 
interfaces has been based entirely on the theory of Gouy-Chapman (5, 7, 
13). It is well known that this theory involves the assumption of a number 
of idealizing conditions (13) which mainly center around the acceptance of 
ideal behavior of the ions in the double layer. In addition the dielectric 
saturation of the medium and the polarization energy of the ions are neg- 
lected. 

Some attempts to examine the validity of these assumptions have been 
published (1, 6, 9, 14, 16). All these proposed improvements of the double- 
layer theory were, in general, concerned with only one of the shortcomings” 
of the Gouy theory. Since the effects of the different assumptions involved 
will tend to offset each other to a certain degree, it is necessary to consider 
simultaneously all the approximations inherent in the Gouy theory. 

The expanded double-layer equation must contain appropriate expres- 
sions for the energies of interaction and polarization of the ions and should 
allow for the functional dependence of its dielectric constant on the local 
field strength. Insofar as exact expressions are available for these factors, 
substitution of these expressions in the double-layer equation renders the 
latter insolvable by ordinary mathematical means. Since the purpose of the 
following treatment is mainly to determine the order of magnitude of the 
effects caused by the acceptance of Gouy’s assumptions, certain approxima- 
tions will be used in deriving the secondary energy terms to be introduced 
in the corrected double-layer equation. This will bring the double-layer 
equation on the level of a first-order correction; the next step to be con- 
sidered will be the introduction of secondary corrections to the first-order 
correction terms. In all probability, however, the first-order corrections 
will, in many cases, be small enough to warrant the neglect of secondary- 
correction terms. 

The corrected double-layer equation obtained in this way can be solved 
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very simply if the double layer under consideration contains only counter- 
ions of one kind. Although, in general, at least one species of co-ions! is 
present, the neglect of the co-ions is warranted if either the equilibrium 
dialyzate of the colloid suspension is dilute or the interaction between the 
colloidal particles is sufficiently high to limit the relative amount of the co- 
ions present. Many colloidal suspensions can be brought under one of these 
categories. Finally, since the corrections proposed will be of considerable 
magnitude only close to the colloid surface, a good extrapolation of the 
results obtained to suspensions falling outside the categories mentioned, 
seems possible. 


DERIVATION OF THE ExTENDED DovusiE-Layer Equation 


The fundamental differential equation of the electric double layer on 
planar interfaces is obtained by the combination of the Poisson and Boltz- 
mann equations, which leads to: 


dy _ _ 4r 
dx? € 4 


vino, exp (—H;/kT) ‘ [1] 


in whch y = electric potential, « = distance coordinate, « = dielectric 
constant, mo = bulk concentration of the ions, k = Boltzmann constant, 
T = absolute temperature, and # = work needed to bring an ion from the 
bulk solution to the location under consideration. 

The energy term / consists of several components, of which the most 
important one, ), is the potential energy of the ion in the electric field 
resulting from the colloidal plate and the average volume density of charge. 
In addition, several other energy terms should be considered, viz., Hs, the 
energy resulting from the Coulombic interaction between the ions them- 
selves; H3, the energy of polarization of the ion in the electric field; Ey, the 
(repulsive) energy caused by short-range non-Coulombic interaction 
between the ions; and #;, the non-Coulombic short-range interaction 
between ion and particle surface (e.g., nonionic chemical bonds). All these 
energy terms, except for the last one, are dependent upon the electric field 
strength and/or the local concentration of ions. In addition, the dielectric 
constant appearing in Eq. [1] depends upon the local concentration of 
ions and the field strength. 

In a paper devoted to the effects of dielectric saturation on the structure 
of the electric double layer, Grahame (9) proposed the use of an empirical 
equation for the relation between the dielectric constant and the electric 
field strength of the form: 


= SS 2 
P= TH yay * 2 


1 The term ‘‘co-ions”’ is used to indicate the ions which carry a charge equal in sign 
to the charge of the colloid particles. 
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in which D = ee y = ep/kT (reduced electric potential), e. = 
A(dy/dx ; 
dielectric constant at infinite field strength, «. = dielectric constant at 


zero field strength, and q is a constant (~ 0.75 X 107'® cm.’). This ex- 
pression can be substituted directly into Eq. [1]. If the field strength, 
dy/dz, does not exceed 108 cm.—!, an approximation can be used: 


€0 
~ 1 + g(dy/dzx)?’ 


Equation [2] also provides the means to calculate the dielectric constant 
in the immediate vicinity of an ion. Such a calculation is necessary in 
order to obtain the polarizability of the ion and the surrounding layer of 
oriented water molecules (the hydrated ion). The polarizability in turn 
forms the basis of the calculation of the polarization energy of the ion in 
the double layer. 

A plot of the dielectric constant of water surrounding an ion, against 
the distance from the center of the ion (2), shows that the dielectric con- 
stant remains virtually constant from infinity to approximately 5 A. from 
the center and then drops off very sharply to a low value of 3-6. This be- 
havior of the dielectric constant makes it possible to describe the ion in |} 
solution in first approximation as a spherical cavity with a dielectric con- | 
stant of 8-6 and a radius of about 2 or 3 A. With the use of this model an | 
estimate of the polarization energy of the ion in the dielectric field can be | 
given as a function of the field strength. 

Following Bottcher (4) one finds for this case: 

a’ 3eo(e: = €0) 2 
So ella ie ane (dy/dzx) [3] 
in which ¢; is the dielectric constant inside the spherical ‘ion cavity,’ | 
€) is the dielectric constant of water at zero field strength, and a is the 
radius of the ion cavity. 
a Be(e; — «) kT 
6 Qe; + & e ’ 


E3/kT = p(dy/dz)?. [4] | 


For the purpose of calculation two values were used for p, viz., p = 0.375 X 
107, and p = 0.75 X 107® cm.?, which values correspond to ionic radii | 
of 2.8 and 2.9 A., respectively. In considering these figures it should be | 
kept in mind that the ionic radius referred to in fact corresponds to the | 
radius of the hydrated ion, the hydration hull being taken as the zone over 
which the dielectric constant of water is materially reduced. 

In applying Eq. [4] to the double-layer equation [1] the assumption is 
introduced that the field strength can be taken as constant over the region 
that is occupied by the ion. Close to the particle wall this might result in 


D [2a] 


Defining p = — 


Eq. [3] can be written: 


GOUY-CHAPMAN THEORY OF THE ELECTRIC DOUBLE LAYER 209 


an appreciable error, the polarization energy term being underestimated. 
For this reason two different values of the constant p were employed which 
together should cover a sufficient range to allow an estimate of the in- 
fluence of this term. The limit of applicability of formula [4] is again a 
field strength, dy/dx, of around 108 em.—. 

The energy resulting from Coulombic interaction, £2, between the ions 
can be calculated according to Loeb’s approach (14). In accordance with 
Debye-Hiickel’s limiting law one finds: 


vek clannexD a 2h) 
QekT 2Kx 


E2/kT = — [5] 


F, 2 p2. 
in which K = 4/ Seen v = valence, e = electronic charge, and x = 


distance of ion to the particle surface. 

The first term of the right-hand part of this equation refers to the energy 
of interaction proper, the second term signifies the influence of the planar 
discontinuity in the dielectric, caused by the presence of the colloidal plate, 
on this interaction (image effect). The form presented here refers to col- 
loidal plate which can be regarded as a perfect insulator. It can easily be 
proved (2) that this image term is smaller than 15% of the interaction 
term if the ion under consideration is at a distance of at least 4 A. from 
the particle wall, assuming the charge density of the colloid surface to be 
at least 10 » Coulombs/cm.’. Since the structure of the double layer in 
the first few Angstrom units adjacent to the colloid surface is hardly ac- 
cessible to calculation at all, one feels satisfied to omit the image term 
entirely, with the understanding that the calculations performed do not 
apply directly to the first few Angstrom units of the double layer. In prac- 
tice this first layer is taken care of by the introduction of a distance of 
closest approach between the ion and the colloid surface (cf. discussion of 


E;). 
This simplification leads to the equation: 
vek 
E,/kT ~ — xT [5a] 
Introducing the constant ¢, according to: 
3 
€V TN 4/1000 } 
= = 0.82(1./mole 
; (kT)? arenes) 
this can be written: 
Eo/kT = —tv’V/c. [50] 
This equation is comparable with the Debye-Hiickel expression: 
ws 
ELAS 6) 


] SS ) 
Se aA 
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in which » = ionic strength, A, a, and B are constants. Except for the 
denominator, Eqs. [5b] and [6] are identical. The concentration c appearing | 
in [5b] refers to the (variable) concentration of the single counter-ion con- | 
sidered, which explains that the constants ¢ and A differ by a factor +/2. 


The absence of the denominator in Eq. [5b] is the result of the use of a boundary | 
condition in the derivation of this equation which differs from the one used in the | 
Debye-Hiickel derivation. In the latter case the charge of an individual ion is bal- | 
anced by a local excess of oppositely charged ions in the immediate surroundings of | 
the ion. This countercharge, which is numerically equal to the charge of the central | 
ion, must be located outside the distance of closest approach of the positive and nega- | 
tive ions. This condition limits the energy gain due to the regrouping of the ions and | 
leads to the presence of the denominator in Eq. [6]. | 

Applying the same theory to the double layer, which contains virtually only ions | 
of like sign, the excess charge of the central ion is now balanced by a local deficit of | 
equally charged ions. The creation of this deficit is not limited at all by a distance of | 
closest approach between the ions, which explains the absence of the denominator in | 
Eq. [5b]. 


The high values of the concentrations occurring in the double layer make | 
it necessary to apply a second correction for the ionic interaction. This | 
correction term, 4, corresponds to the short-range non-Coulombic repul- | 
sion between tbe ions. A similar term is present in the extended Debye- | 
Hiickel equation for “neutral electrolytes,’ which equation reads: 


2 
Iny = aA a. 
1+ aBVu 


The values of the constant C given in the literature, however, refer to | 
the mutual repulsion of cation and anion. In the case of a single ionic solu- | 
tion one should expect to find somewhat larger values of C, since ions of | 
equal sign are both surrounded by water molecules polarized in the same | 
direction with respect to the center of the ion. Upon approach this would | 
cause a greater repulsion than is the case for oppositely charged ions. Since 
experimental data concerning the values of C to be used in single ionic 
solutions are not available, a number of values were employed in the 
following calculations. 
Defining the short-range repulsion by: 


Ex/kT = sc [8] | 
the values of s used in the calculations are 0.06, 0.09, and 0.15 1./mole, | 
respectively. The values of C, given in the literature, are 0.05 1./mole for | 


KCl and 0.12 1./mole for NaCl (12). It is to be expected that s is roughly | 
proportional to the volume of the hydrated ion involved. 


mea [71 | 


It is of interest to note that a completely different approach based on Stern’s 
theory of the double layer leads to comparable results. According to Stern the Boltz- 
mann equation should be modified with a statistical factor, which is related to the 
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volume available for the ion. In its simplest form this equation becomes (cf. Stern, 
reference 15): 


) 
ues, - exp (—E/kT) (9] 


in which z is the reciprocal of the molar volume of the ion. This Stern equation can be 
transformed into: 

c¢ = ¢o(1 — c/z) exp (—E/kT) [9a] 
assuming that co/z is very much smaller than 1. For moderate concentrations this 


equation is identical with the expression obtained by series expansion of the ex- 
ponential of #,/kT, present in the extended Boltzmann equation, viz.: 


¢ = co(l — sc) exp (—E’/kT) 


in which &’ signifies the energy term, excluding the short-range interaction. It should 
be mentioned that the ‘“‘molar volume”’ s to be used in the following calculations cor- 
responds to an interaction volume of the ion of 100-250 A.’, which seems a reasonable 
value for the volume of the hydrated ion. 


The energy term resulting from short-range interaction between the 
ion and the colloid, H;, cannot be generalized. There will always exist a 
short-range repulsion analogous to the repulsion between the ions them- 
selves. This effect, which amounts to the introduction of a distance of 
closest approach between the ion and the wall (cf. Stern, reference 15), 
can easily be taken care of by a shift in the distance coordinate in the 
double-layer equation, as will be shown later. In addition, specific attrac- 
tion forces between ion and surface might exist. The structure of the surface 
and the size of the ion will be of decisive importance for this interaction. 
It is expected, however, that the interaction energy will be of considerable 
magnitude only if dehydration of the ion would occur close to the surface. 
In the case of cations as counter-ions, this does not seem probable, in 
general, unless the dielectric constant of the colloid exceeds that of water 
(cf. Grahame, reference 10). In the following calculations H; was neglected 
for that reason, except for the allowance for a distance of closest approach. 

A combination of equations [1], [2a], [4], [5b], and [8] now leads to the 
extended double-layer equation: 


1 dy Ba KT Anve N 4, Co 
1 + q(dy/dxye ae? 1000ekT [10] 


- exp {—vy + v'tr/ce — sc — p(dy/dx)”} 


in which c = concentration in moles/1. 


SoLUTION OF THE EXTENDED DovUBLE-LAYER EQUATION 
Defining: 


2, Snev Nie 2 1.06 X 10% cm./mmole at 25°C. 
Chis toner ee ‘ 


PAPA G. H. BOLT 


and z = dy/dx, Eq. [10] can be rewritten: 


2 
exp (pz) dz = —vBc exp (—vy + v'tr/c — sc) - dy. [11] 
1 + ge 
For comparison the Gouy-Chapman equation for a similar system be 
given here: 
dz? = —vBco exp (—vy)-dy. [lla] 


In working out Eq. [11] it seems permissible to replace the concentration 
¢ appearing in the correction terms in ¢ and s by a quantity c’, defined as 
c’ = cy exp (—vwy + vt Vc’ — sc’). In effect this means the neglect of 
the factor exp (pz?) in the expressions to be used for the correction terms in 
the right-hand part of Eq. [11], since ¢ = c’ exp (p2”). This is justifiable if 
the value of z remains smaller than 10° cm.—!, which was already assumed 
in the derivation of the energy term £3. 

Accepting this approximation, the equation [11] can be integrated im- 
mediately. This is done most conveniently by substituting: 


—rdy = (dlne’ — d¥tv/c' + dsc’) 


in Eq. [11]. Using the boundary condition: 2 = 0 when c’ = c’, (at the 
central plane between the colloidal plates) this integration leads to: 


exp (—p/q) 2 , p/g + az) , (p/g)’( + gz)” | 
bar as jin (1+ gz) + fayeen 55 of 
= Ble’ — te” + 4scI%,. 
Defining: 
b = co exp (—vy) = c’ exp (— vtr/c’ + sc’) 


this equation can be written symbolically: 


arias [13] 


vy dx 1 


eee i 


Graphical integration of i plotted against (In 6), will yield x as a 


function of In b. This last quantity equals the electric potential except for 
the constant In co. Such a graphical integration cannot be performed with 
accuracy, however. Therefore, Eq. [14] is compared with the corresponding 
equation derived from the Gouy-Chapman equation, which reads: 

v dx 1 


din ~ /Bb — 6) = 


in which 6 is now identical with the concentration. 
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Ona 2 -4 -6 -8 -10 -12 
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Fig. 1. Correction Ax (in Angstroms), to be applied to the distance coordinates 
of the Gouy-Chapman double-layer equation, as a function of b (in millimoles per 
liter). 

Curves 1-5: p = q = 0.75 X 107! cm.?, s = 0.06 1./mole. 
la-5a: ditto, s = 0.15 1./mole. 
1b: p = g/2 = 0.375 K 10716 cm.?, s = 0.06 1./mole. 
The values of 6, are, respectively, 0.099 (1), 0.97 (2), 9.2 (83), 77.6 (4), 467 (5) milli- 
moles/I. 


Subtracting the equations [14] and [14a] one finds: 


if) Foren vo 
dln b /t[ 4 (=I /B(b — 6.) [15] 


Furthermore: 


b 
yan = [ a(2#) ano, [16] 
be 


In this equation Az signifies the correction to be applied to the distance 
coordinate of the potential and concentration curves obtained from the 
Gouy-Chapman equation. Since the right-hand part of Eq. [15] can be 
calculated numerically for any given value of b, the integration is now 
reduced to the graphical integration of a calculated correction function. 
The results of calculations? and corresponding graphical integrations, 


2 Ajl calculations were performed by the Cornell Computing Center. 


| 
| 


/ 
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based on the described method, are presented in Fig. 1. In this figure the 
corrections, Az, to be applied to the Gouy-Chapman curves are plotted 
against b = co exp (— vy), using different values of the constants p, q, S, 
t, and b,. By interpolation the corrections to be applied in other cases can 
easily be estimated. 

With the help of this graph the construction of the concentration-dis- 
tance curve becomes very simple indeed. For this purpose the Gouy- 
Chapman curve is constructed first. The correction, Az, to be applied for 
every value of b (or c) can be read from the graph. T he new curve can now 
be fitted to applicable boundary conditions. In case of a known potential 
of the surface of the colloid, the constructed curve is simply terminated at 
this potential. If the surface density of charge of the colloid, T’, is known, 
the position of the surface on the new curve is found from the relation: 


V/2 
BY 4G 
in which z, = (dy/dx)surtace. The corrected double layer curve represents 
the relation between b(= cy exp — vy) and the distance. This curve can 


be transferred to a corrected concentration-distance curve with help of 
the relation: 


[= arc tan(+/q-z,) meq/em.” [17] 


b exp (pz?) = c exp (—v'tv/c + sc). [18] 
Since z is a function of 6, which function was already evaluated in the first 
part of the calculation performed, the relation between b and ¢ can be 
obtained by equating both sides of this equation graphically. An example | 
of a corrected curve is given in Fig. 2. 
The above procedure can be used to derive a corrected relation between 
the concentration in the central plane between colloidal plates and the 
distance between the plates. According to the Gouy-Chapman theory this 
relation is, in case of low concentration of the co-ions, given by: 
2 


be SS oe st 
Ripe CIC Reone i 


in which 2d = distance between the colloidal plates, and 


2V ce 
Tv/8 
The corrected relation cannot be given explicitly but is plotted in Fig. 3, 
together with Eq. [19]. The lines correspond to the Gouy theory and the 
corrected double-layer theory for the case in which the charge density 
equals 10-7 me/cm.’. The difference between the corrected and uncorrected 
curve is certainly very small. 

In addition to the corrections applied so far, the distance of closest ap- 
proach between ion and surface has to be considered in order to obtain 
the correct relation between distance of the plates and the central con- 


X= 


(cf. ref. 2] 
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Fia. 2. Relation between the concentration c (in moles per liter) and the distance 
a (in Angstroms) measured from the surface of a colloidal particle. The density of 
charge of the surface is 10-7 me/cm.’; the distance between the particles equals 10.7 A. 


(high interaction). 


1 10 100 1000 
C. 


Fic. 3. Relation between the concentration in the central plane c, (in millimoles 
per liter) and the distance 2d (in Angstroms) between colloidal plates. The surface 


density of charge is 10-7 meq/cm.?. 


centration. The effect of this last correction is a shift of the concentration- 
distance curve over a distance equal to the distance of closest approach. 
Such a shift (approximately 1-2 A.) brings the corrected curve even closer 
to the Gouy curve, which leads to the conclusion that the Gouy relations 
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will provide a very dependable basis for the calculation of the concentra- 
tion in the central plane between colloidal plates. 


DISCUSSION 


The four corrections introduced in the foregoing treatment, viz., di- 
electric saturation, polarization of the ion, Coulombic interaction of the 
ions, and short-range repulsion between the ions have a tendency to 
balance each other. Dielectric saturation and ionic polarization seem to 
offset each other almost completely if the field strength does not exceed 
5 X 108 volts/em. (zg = 2 X 108 cm.~’). Since this is roughly equal to the 
maximum value of the field strength occurring in the double layer formed 
on plates with a charge density of 2 X 10-7 meq/em.? (= 20 » Coulomb/ 
cm.”), one can conclude that both effects can be neglected safely for col- 
loids with a charge density equal to or smaller than 2 X 10-7 meq/cm.?. 
Since the polarization is dependent upon the size of the ion, this term should 
still be considered if the ratio of different ions present in the double layer 
is the purpose of the calculation. 

For colloids with a charge density exceeding 2 X 10-7 meq/cm.?, the 
polarization term will increase very rapidly, leading to ionic concentrations 
much lower than would be expected from the Gouy-Chapman calculations. 
The applicability of the approximations used in the derivation of the polari- 
zation term becomes doubtful in this region, and, therefore, no accurate 
predictions can be made for this case. 

The two other correction terms again tend to balance each other. In 
this case, however, the Coulombic interaction exceeds the influence of the. 
short-range repulsion probably up to concentrations of 1 or 2 molar. If 
the concentration exceeds this value, the short-range repulsion will in- 
crease very rapidly, eventually limiting the concentration that can exist 
in the single-ionic solution to a definite ceiling value. A reasonable estimate 
for this maximum concentration seems 10 to 15 molar. Since the concen- 
tration close to a surface carrying a charge density of 10-7 meq/cm.? ac- 
cording to Gouy-Chapman is only 2.5 molar, the Coulombic interaction of 
the ions will be the main correction factor in these systems, although the 
effect of this correction is partly offset by the short-range repulsion. If 
the charge density exceeds the value of 10-7 meq/cm? (e.g., 3 X 1077 meq/ 
cm.”), the short-range repulsion will exceed the influence of the Coulombic 
interaction in the region close to the particle surface. For even higher values 
of the charge density the limiting value suggested above will determine 
the properties of the double layer to a large extent. The balancing effect 
of the two interaction terms again causes the simple and corrected double- 
layer theories to be in close agreement, if the charge density does not 
exceed 2-3 X 1077 meq/em.. 

In addition to the above considerations it should be kept in mind that 
the boundary conditions imposed on the double layer also tend to influence 
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the effect of the proposed corrections. If the charge of the colloid is kept 
constant, the effects will be somewhat smaller than is the case when the 
surface potential remains constant. In the specific case of T = 10-7 meq/ 
em.”, it can be proved that the difference between the concentration in the 
central plane derived from the Gouy theory and that calculated from the 
corrected double-layer equation varies between 10 and 30%, depending 
upon the degree of interaction of the double layer (Figs. 2 and 3). 

If, in addition to the effects discussed above, allowance is made for a 
distance of closest approach between the ions and the colloid surface 
[which means the acceptance of the outer Helmholtz plane (Grahame, 
reference 8) as the boundary of the diffuse layer], the difference between 
the Gouy theory and the corrected double-layer theory becomes even 
smaller. 

The concentration close to the surface is always about doubled as a 
result of the corrections. This last effect is, however, limited to a very 
small region (about 1 A.) adjacent to the particle surface. 

As to the influence of the corrections on measurable properties of the 
double layer, the osmotic pressure will be influenced in the same manner 
as the concentration in the central plane is influenced. The changes to be 
expected are accordingly small. The capacity of the double layer will be 
increased slightly, the increase passing through a maximum around a 
surface density of charge of about 2 X 10-7 meq/cm.’. Above that value the 
capacity will tend to decrease again, all changes being very small unless 
excessively high-charge densities are involved. Both conclusions are borne 
out by practical observations. The measurement of the osmotic pressure 
of illicit suspensions (T = 3 X 10-7 meq/cm.?), as described elsewhere (3), 
gave results in close agreement with the Gouy-Chapman theory. Capacity 
measurements by Grahame (11) showed that Gouy-Chapman calculations 
provide a dependable basis for the estimation of the capacity. 

In one respect the introduced corrections are of extreme importance. 
According to the Gouy theory the ratio of ions of equal valence adsorbed 
in a double layer equals the ratio of these ions in the bulk solutions. Of 
the introduced correction terms, both the polarization energy and the 
short-range repulsion between the ions themselves and between the ions 
and the colloid surface are highly dependent upon the size of the hydrated 
ion. These correction terms will, therefore, essentially determine the ratio 
of the adsorbed ions. This effect might conceivably introduce deviations 
from the Gouy-Chapman theory of the order of a factor 5. Such factors 
have been observed in the study of the exchange equilibrium in clay sys- 
tems (2). A careful analysis of the data obtained from these experiments 
should cast some light on the correctness of the proposed corrections. In 
addition, these experiments could be used advantageously to obtain in- 
formation about special cases of short-range attraction between ions and 
colloid surface, which attraction has been neglected so far. Experiments 
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with clay systems suggest that such interactions occur between K and 
certain clays. 


SUMMARY 


Approximate expressions for the influence of dielectric saturation, 
polarization of ions, and ionic interactions on the structure of the electric 
double layer were derived and were incorporated in a generalized Poisson- 
Boltzmann differential equation for the electric double layer. The solution 
of this extended equation in terms of a correction function, to be applied 
to the standard Gouy-Chapman treatment of the double layer, showed that 
in the case of colloid suspension with a low concentration of co-ions (rela- 
tive to the concentration of counter-ions) these corrections are small, 
provided the surface density of charge of the colloid does not exceed 2 X 
10~ meq/cm.”? (= 20 « Coulomb/cm.”). Especially the effects of dielectric 
saturation and polarization of the ions, being opposite in sign, balance each 
other rather closely. The effect of ionic interaction can be of some magni- 
tude, the maximum effect probably occurring around the mentioned charge 
density of 2-3 X 10-7 meq/cm.?. Above this value the short-range repulsion 
will start to exceed the effect of the Coulombic interaction, and eventually 
lead to a uniform concentration of ions over some distance from the plate. 
It is expected, therefore, that if the charge density of a colloid does not 
exceed 2 X 1077 meq/cm.’, the Gouy-Chapman theory will give fairly re- 
liable results, especially if the charge density of the colloid under consider- 
ation is constant. 

The conclusions drawn are in agreement with certain experimental ob- 
servations. 
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ABSTRACT 


The conductivity and osmotic activity of a series of solutions of sodium abietate 
from colophony have been measured at 90°C., at which temperature they are homo- 
geneous and isotropic. The results indicate that sodium abietate is a colloidal elec- 
trolyte. 


There was little known of the physicochemical properties of rosin up 
to 1923, although it was an important component of household soap. It 
was known to consist largely of abietic acid, whose formula Fahrion (1) 
concluded was CH302. However, he believed that colophony contained 
at least two acids, and in 1903 Tschirch (2) isolated three which he desig- 
nated as a, 6, and y acids. From Ruzicka’s (3) work in 1922 “it seems clear 
that the acid melting at 158° is the one actually present in colophonium 
and the higher melting acids are formed from it by the action of heat.” 
The fact, as found by us and other investigators, that melting is not sharp 
but takes place over a range of temperature, supports Ruzicka’s conclusion. 

After the publication of Steele’s (4) method of preparation of crystalline 
abietic acid in 1922, work was begun in the Bristol laboratories to determine 
the physicochemical characteristics of the sodium salt. The work is briefly 
summarized here. Though Ostwald (5) likewise started similar investiga- 
tions on the abietates in 1923, no other worker, even now, has carried out 
experiments at 90°C. Harva (6) of the Abo Academy has made a com- 
prehensive study of the properties of Tall Oil Rosin soap at temperatures 
up to 60°C. 

At room temperature the abietate solutions from 1.0 NV» down to 0.15 
N,, are heterogeneous, but at 90°C. the higher concentrations remain clear 
and homogeneous, though the concentrations below 0.05 become turbid 
and cloudy owing to hydrolysis. 

The abietic acid was prepared by Steele’s method from American water- 
white colophony (grade WW) and was finally obtained as pale yellow 
crystals melting at 158°-161°C. (Steele likewise found the melting point 
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not to be sharp, his value being 158°-162°C.). The molecular weight of 
the crystals was found to be 300.2 (theory 302.2). A normal solution of | 
sodium abietate was obtained by adding the requisite amount of sodium | 
hydroxide made from sodium drippings and boiled-out water (7). Other | 
concentrations were made from this by adding weighed quantities of | 
water. 

The conductivity was measured with a Leeds & Northrup drum bridge, 
using a telephone as a null-point instrument, standard post office resist- | 
ances, induction coil, and oil thermostat. | 

Table I gives the conductivity measurements made by H. H. Kamil. 


TABLE I 
Equivalent Conductivity and Density Data for Sodium Abietate Solutions at 90.0°C. | 
Conc., Vw Dee DT nN 

1.00 1.0538 1.0107 81.21 
0.50 1.0322 0.9963 113.0 
0.2488 1.0236 0.9881 161.0 
0.20 1.0175 0.9831 168.7 
0.159 1.0145 0.9800 : 178.7 
0.10 1.0110 0.9763 189.7 
0.07 1.0087 0.9733 199.2 
0.05 1.0067 0.9718 bes 4 oa 


It will be noticed that the conductivity is high, comparable-to other | 
fatty acid soaps. (1.0 N sodium palmitate is 84.66 mhos at 90°C.) Similarly | 
the curve rises with dilution but shows no maximum or minimum. The 
abietate more closely resembles the caprate or caprylate that likewise 
show smooth curves. 

The osmotic data were obtained from the lowering of vapor pressure 
using the dew-point method of McBain and Salmon (8). Table IT also gives 
results for sodium oleate included for comparison. 


TABLE II 


Osmotic Coefficient ‘9’ of Sodium Abietate and Sodium Oleate at 90°C. from 
Dew-Point Lowering*, 6 


Sodium abietate? Sodium oleate® 


Conc., Dew-Point lowering, g Conc., Dew-Point lowering, g 
o PCs Nw mee 
1.0 0.42 0.44 0.8 0.12 0.16 
0.75 0.33 0.45 0.6 0.16 0.28 
0.50 0.28 0.55 0.4 0.13 0.35 
0.26¢ 0.58 0.2 0.08 0.45 


“9 = 0/2m X 1.858. 
> Experiments by H. H. Kamil in 1925. 
° Experiments by H. I. Bull in 1927 with new material. 


Tn evaluating these results, it is interesting to note that the osmotic 
coefficients of sodium laurate correspond very closely to those of the 
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abietate; the values from published data being 0.35, 0.43, and 0.53 for the 
1.0, 0.75, and 0.5 N,, concentrations. The combination of fairly low osmotic 
activity and fairly high conductivity indicates that sodium abietate also 
belongs to the class of colloidal electrolytes. This, however, is not as 
strikingly evident as in the case of the highly colloidal sodium oleate. 

Harva draws attention to the fact that Pohle (9) found the surface ten- 
sion of rosin soap solutions to be more like those of sodium laurate than of 
other fatty acid soaps. 

The sodium abietate solutions here studied showed definite changes with 
time. Thus the melting point of the abietic acid changes over a period of 
five months from 158°-162°C. to 145°-149°C. The higher value was re- 
stored by recrystallization. Likewise, when the optical rotation was taken 
at the beginning of an experiment it was [a]’>> = —52.53, but after two 
weeks it was (a)'>> = —49.28. 

The implication is that isomeric changes are being reflected in these 
changing values. 

The change with time in conductivity of the solutions was also notice- 
able, but is not as pronounced. Unlike other soaps, conductivity of sodium 
abietates increases with time. Thus in Kamil’s experiment, the resistance 
dropped slowly for 8 days, from 237.92 to 224.8 mhos, but thereafter re- 
mained constant. As a check on this observation Miss Grant repeated the 
experiment using 1.0 N;, sodium abietate made by the addition of sodium 
ethylate in alcohol to crystals obtained from grade I American colophony. 
She likewise found the resistance to drop during the first 25 hours and 
thereafter remain practically constant dropping from 229.3 mhos after 2 
hours to 224.4 after 25 hours, where it remained during a further 68 hours. 
The final values of specific conductance obtained by these two experi- 
menters are in good agreement, namely, 0.06218 and 0.06200 mhos. 

Harva in his investigation of Tall Oil Rosin soap also found changes of 
conductivity with time. He attributed it to autoxidation and to the slow- 
ness in attaining hydrolytic equilibrium, since he found that hydrogenated 
rosin soaps r remained constant throughout the 257 hours he studied them. 

On cooling the normal solution of sodium abietate two layers separated, 
the upper being isotropic between crossed Nicols and the lower being 
anisotropic with a positive angle of extinction. (Microphotographs, using 
Zeiss Phoku attachment and Gutmann heating stage were made, but the 
plates are no longer available.) Observations were made of the temperatures 
at which freshly prepared heterogeneous abietate solutions became homo- 
geneous. Some results are collected in Table III. 


TABLE III 
Temperature of Homogeneity of Sodium Abietate Solutions 
Conc., Nw 1.0 0.5 0.25 0.20 0.15 0.10 


Temp., °C. Sone OL 45 41 35 Room temperature 
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Again it was noticed that if these temperatures were read after the 
solutions had been used in the foregoing experiments, they were all lower. 
The refractive index curve plotted against concentration for fresh solutions | 
is a straight line, whereas for aged and previously used solutions it is | 
concave to the concentration axis. 


REFERENCES 


1. Fawrion, W., Z. angew. Chem. 14, 1197, 1252 (1901). 

2. TscurrcH, A., AND StupER, B., Arch. Pharm. 241, 495 (1903). 

3. Ruzicka, L., anD Meyer, J., Helv. Chim. Acta 5, 315 (1922); see also C.A. 16, 
2500 (1922). 

4. Sreee, L. L., J. Am. Chem. Soc. 44, 1833 (1922). 

5. Osrwaup, W., and Lorenz, R., Kolloid-Z. 32, 119, 195 (1923). 

6. Harva, O., Thesis of the Abo Akademie, 1951. 

7. Bunpury, H. M., anp Martin, H. E., J. Chem. Soc. 105, 418 (1914). 

8. McBarn, J. W., AnD Satmon, C.S., J. Am. Chem. Soc. 42, 426 (1920). 

9. Ponte, W., Oil & Soap 17, 150 (1940). 


LETTERS TO THE EDITOR 


NOTE ON THE CONDUCTIVITY OF DILUTE SOLUTIONS 
OF MYRISTYL SULFONIC ACID 


In 1939 a paper (1) reporting on the conductivity of paraffin chain 
sulfonic acids commented that “the measurements of the most dilute 
solutions of Cy; and Cy, may possibly be affected by some systematic error.” 
With this in mind, the writer repeated the experiments with myristyl 
sulfonic acid, using more carefully prepared conductivity water and very 
lightly platinized electrodes. Though a dozen years have elapsed since the 
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Concentration 
work was done, it is worth reporting that one error lay undoubtedly in the 
sorption by the walls of the cell. It was found that the first reading of each 
series was always higher than subsequent ones and many samples had to be 
used before results were obtained which were consistently high and which 
remained constant. 
The results for these dilute solutions are plotted above. The greatest 
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dilution used, 0.0000577N., gave an equivalent conductivity of 372.4 
mhos, compared with Mr. Dye’s 360.5 for his most dilute solution, 
0.001089 ~. 

The graph also shows the Onsager slope, calculated from the latest value 
for myristyl ion, 371.6 (2). It will be seen that the conductivity in this 
dilute region rises above its infinite dilution value, “a phenomenon which 
seems to admit of no other interpretation than the formation of (probably 
small) micelles’ (3). This conclusion was also reached in the paper to 
which this experimental work is an extension. It would probably be found 
true for all colloidal electrolytes if special care were given to the study of the 
most dilute solutions. 
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THEORY OF THE STABILITY OF LYOPHOBIC COLLOIDS 


In 1948 a monograph (1) with the above title appeared from our hand. 
Recently Professor B. V. Derjaguin drew our attention to a number of - 
papers (2, 3) published by him on the same subject which were not quoted 
in our monograph. These papers, especially the 1941 paper by Derjaguin 
and Landau, contain already the essential elements of the theory as treated 
in our monograph, notably a combination of Van der Waals’ attraction 
with double-layer repulsion for high potentials, applied especially to the 
deduction of the Schulze-Hardy rule. 

We regret greatly to have overlooked these publications, and this note is 
published to recognize explicitly Derjaguin’s and Landau’s priority. Professor 
Derjaguin’s earlier publications on the repulsion between weakly charged 
double layers are of course well known, among them the first calculation 
of the repulsive force (4) and the first indication of thermodynamically 
and statistically correct methods for calculating the corresponding free 
energy (5). 

We feel that we may be partly excused for overlooking the papers 
because all the work for our monograph was performed during the war 
(cf. Preface to the monograph) when we were cut off from all Allied informa- 
tion by the occupation of our country by the German army. The papers 
(2, 3) were published during this period. 
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In order to show that our work, although later than Professor 
Derjaguin’s, was performed independently, we wish to point to the existence 
of a number of publications (6-11) prior to our monograph (1); the 1944 
publication, in particular (of which the 1945 one is a nearly literal transla- 
tion), contains already all the essentials of our work. Moreover the treat- 
ment in the monograph is more extended than that by Derjaguin and 
Landau and often runs along completely different lines. On the other 
hand, their publication contains remarks that do not figure in our mono- 
graph, e.g., a theoretical derivation of Ostwald’s rule of activity coef- 
ficients (AK Satz). 
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DROPWISE CONDENSATION OF VAPORS AND 
HEAT TRANSFER RATES 


The condensation of saturated vapor on a colder surface is commonly 
“flmwise.” Water condensate, under some conditions, fails to wet metallic 
surfaces and forms discrete droplets, “dropwise condensation.” Dropwise 
condensation of water on metal has been achieved in the past (1) by coating 
the metal with stearic acid, benzyl mercaptan, or similar materials. These 
promoters of dropwise condensation are dissolved and removed by the 
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condensate after a relatively brief time, but so long as they are effective, 
heat transfer rates an order of magnitude greater than those expected 
during filmwise condensation are observed. 

We have been able to prepare stable surfaces of sufficiently low surface 
energy so that steam and also three different organic vapors were con- 
densed in the dropwise manner. Some details of the condensation are given 
below. This appears to be the first demonstration of the dropwise conden- 
sation of organic liquids (low-surface-energy liquids). Heat transfer 
coefficients have not yet been measured for this process, but it is expected 
that the improvement in heat-transfer rates in the dropwise condensation 
of organic vapors may give this technique commercial interest. 

The low-energy surfaces were prepared by coating clean polished brass 
with a commercial ‘Teflon’ finish, the DuPont ‘Teflon’? Primer for 
Aluminum (850-202). This is a dispersion containing about 50% of tetra- 
fluoro-ethylene. One part of the primer was diluted with 80 of distilled 
water containing 0.8 part of a wetting agent, Aerosol OT (clear 25%). 
The coatings prepared were about 20,000 Angstrom units thick. 

We have condensed the following compounds, as dropwise films; the 
condensing temperature and corresponding surface tension of the liquid 
are indicated: water (100°C., 58.9 dynes/cm.), ethylene glycol (120°C., 
37.8 dynes/cm.), nitrobenzene (110°C., 33.3 dynes/em.), aniline (110°C., 
32.5 dynes/cm.). Benzene (80°C., 21.3 dynes/em.) condensed as a con- 
tinuous film. 

This work has been supported by a grant from Research Corporation. 
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PHASE-CONTRAST MICROSCOPY OF NATURAL RUBBER 
LATICES (MORPHOLOGY OF THE RUBBER PARTICLES 
IN NATURAL LATICES) 


The possibilities of phase-contrast microscopy for the investigation of 
rubber and plastics have already been mentioned in the book of Bennet 
and co-workers on “Phase Microscopy” (1). Nevertheless these authors 
have so far not been able to establish results with regard to the structure 
of rubber hydrosols by this experimental method. 

Of course the resolving power of the electron microscope is much higher 
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than that of the phase-contrast microscope, but with the latter studies 
can be made on a liquid object (hydrosol) without difficulty, thus per- 
mitting in many cases completion of investigations on colloidal systems by 
light scattering (2, 3). 

To obtain maximum resolving power with a normal light microscope 
one must, according to Gottschewski (4), use a dark-field condensor and a 
phase-contrast objective. 

The present authors used the Ortholux, made by Leitz company, with 
the dark-field condensor D 120 17, phase-contrast objective Py 90/115, in 
combination with periplane 10 for the investigation of the latices of the 
following plants: Hevea brasiliensis, Ficus elastica, Ficus Nekbudu, Manihot 
dichotoma, Castilloa nicoyensis, Manilkara balata, Cryptostegia grandiflora. 

Some of the larger spherical particles in these latices seemed, even in 
the fresh state, to be built up from other spherical particles of much 
smaller diameter, but it was difficult to record this photographically 
because of the vigorous Brownian movement of the particles. 

Checking of the movement by addition of agar led to the structure’s 
becoming less clearly visible and disappearing into the strong light with 
time. 

Following the method used by Brown (5) in the investigation of G.R.S. 
latex and the experimental procedure of Bradford (6), the latex, after 
purification, was fixed by bromination. This showed up the above-men- 
tioned morphological structure in almost all clearly visible spherical, oval, 
and pear-shaped particles. 

It was subsequently found, that by adding 1%-2% NaOH to the latex 
the grapelike arrangement also becomes clearly visible after a few days 
(probably because of hydrolysis of the proteins on the particles surface) 
and could thus be recorded photographically. 

From these findings the authors conclude that: 

1. All rubber particles in natural rubber latices with a diameter of 
more than approximately 400 A. are secondary colloidal particles, built 
up from smaller spherical particles. 

The secondary particles are for the greater part spherical, pear-shaped, 
or oval, but in one case (Manihot) spherical particles form linear secondary 
particles. 

2. By coagulation processes the different secondary particles may 
disappear again, the structure of the hydrogel being determined more or 
less only by the smaller particles, but it has not yet been possible to 
establish that these are really primary particles. Possibly these are an 
intermediate size of relatively stable secondary particles. 

3. As the same holds for polyvinyl-acetate latex it may be concluded 
with some caution that the existence of secondary particles is a common 
building principle in colloidal systems of the Sol-type. One can assume 
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that in many cases the real primary colloidal particle will be the polymeric 
molecule. 

4. A possible explanation for the existence of stable secondary particles, 
especially in latices, is that the polymerization center of the plant (perhaps 
the vacuole of the lutoids) becomes completely filled up by primary rubber 
particles. The skin of the vacuole remains as a protective layer on the 
surface of the secondary particles so formed, thus stabilizing them until 
this layer becomes removed by hydrolysis of the protoplasma with acids, 
NaOH, enzymes, or otherwise and so effecting coagulation of the latex. 


REFERENCES 


1. Bennet, A. H., Osterperc, H., Jupnix, H., anp Ricuarps, O. W., “Phase 
Microscopy.”’ John Wiley & Sons, Inc., New York, 1951. 

. Desyg, P., J. Appl. Phys. 15, 338 (1954); ibd. 17, 392 (1946). 

. La Mer, V. K., J. Phys. & Colloid Chem. 52, 65 (1948). 

. GorrscHewsk1, G. H. M. Z. wiss. Mikroskop. 61, 185 (1953). 

. Brown, W., J. Appl. Phys. 18, 273 (1947). 

. Braprorp, Ei. B., J. Appl. Phys. 23, 609 (1952). 


a oe W WD 


A manuscript with photographs was received by the editor August 9, 1954, part 
of which will be published in a German journal and part, in the Archives of Rub- 
ber Cultivation. 
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Book Reviews 


Adhesion and Adhesives. Fundamentals and Practice. Papers read at a Symposium 
1eld at Case Institute of Technology in Cleveland, Ohio, and a Conference held in 
London, England. Edited by CuarK, Rurzimr, and Savacr (mentioned on the 
nding only, not on the title page). John Wiley & Sons, New York, 1954. 229 pp., 
Price $9.75. 

In April 1952 two conferences on adhesion were held. The papers presented at the 
British conference were preprinted and reached American shores over two years 
igo. Now they appear combined with those read in Cleveland and supplemented by 
discussion reports. It is not stated in the book which paper belongs to which sym- 
posium but, presumably, this omission won’t worry the future historian of our 
science. 

I believe that these future historians will be fascinated by the book. It fixes, for 
posterity to see, the deplorable state of our ideas on the nature of adhesion and the 
‘unction of adhesives. When the main problems of adhesive joints are settled, the 
scientists of those days will be able to judge the progress achieved by contrasting 
heir knowledge with our groping. 

Will this progress be accelerated by the publication under review? Perhaps—if 
she discrepancies in the book don’t frighten away a potential leader in the adhesives 
‘esearch. 

The book consists of two parts: ‘‘Fundamentals” includes 14 contributions and 
‘Practice’ has 29. Some of the “fundamental” papers have no apparent relation to 
he “‘practice”’ treated in the second part. The most common fallacies (7.e., state- 
nents which the reviewer believes to be false) of the theoretical part are: (1) it is 
mplicitly assumed that the strength of an adhesive joint is determined by the 
nolecular attraction between adhesives and adherends, and (2) experimental values 
yf a failing load are trusted as if they were material constants, independent of the 
method and the instrument used. 

The ‘“‘practical’’ part brings a host of interesting but, naturally, disconnected 
ybservations. A detailed comment on these would be out of place in a review. 

The book has neither a subject nor an author index. 

J. J. BrkeRMAN, New York, N. Y- 


Synthetic Rubber. Eprrortau Boarp: G. 8. Wuirsy (ed. in chief), C. C. Davis, 
Np R. F. DunBRooK. John Wiley & Sons, Inc., New York, and Chapman & Hall, 
itd., London, 1954. 1044 pp. Price $18.00. 

The development of the synthetic rubber industry was certainly one of the major 
echnical achievements forced upon the United States by World War II and here 
eceives fitting commemoration in a volume prepared under the auspices of the 
Vivision of Rubber Chemistry of the American Chemical Society. Although the 
rganization of the topics has been in the hands of an editorial board, ably headed 
y Professor G. 8. Whitby of the University of Akron, the actual writing has been 
yy some 38 specialists in the field of synthetic rubber technology. This has permitted 
particularly broad coverage of all technical aspects of the field. Thus the book not 
nly covers such expected topics as synthetic rubber manufacture, testing, proc- 
ssing, and uses, it also treats the related subjects of butadiene and styrene manu- 
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facture and contains accounts of German synthetic rubber manufacture and some of 
the surveys carried out of other types of diene polymers and copolymers investigated 
on an experimental basis during the war and subsequently. 

To the reader not immediately concerned with some phase of rubber technology, 
probably the most fascinating feature is the history and chronology of synthetic 
rubber development which appears in the first two chapters and is amplified in the 
opening paragraphs of many of the specialized sections. As far as I know, all this 
material has never been brought together before and should be of lasting interest 
not only to scientists but to students of the interaction of government and industry 
during the war period. 

Inevitably in such an encyclopedic production by a number of authors, some 
topics receive more attention than others, and if anything is slighted it is the basic 
theory underlying free radical and emulsion polymerization processes, which is 
treated only rather cursorily in Chapter 8. Although such information is available 
elsewhere, as in P. J. Flory’s Principles of Polymer Chemistry, the important contri- 
butions to basic scientific knowledge coming from synthetic rubber research seem to 
merit more notice than they receive. On the other hand, Marvel and Baumgarten 
have given a rather detailed discussion of the chemical structure of synthetic rubber 
and diene polymers in general, which has not been assembled elsewhere. 

In summary, this book serves really two purposes, as a permanent memorial to 
the wartime synthetic rubber program and as a current guide to synthetic rubber 
technology, and should be of real value to readers interested in either of these fields. 

Curves Watiinc, New York, New York 


Errata 


Volume 9, Number 6, “Viscosity Behavior of Sodium Carboxy 
Methyl Cellulose in Water at High Dilutions,’ by H. Fujita and 
T. Homma 

Page 595, legend to Figure 1, “30°C.” should read “25°C.” 

Page 600, line nine from bottom, “30°C.” should read “25°C.” 
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ABSTRACT 


The Verwey-Overbeek theory is extended to nonidentical particles and shown to 
oe in need of revision. This revision is carried through by introducing an interaction 
Jependent yo. It is shown that attractive forces can arise between nonidentical 
plates at small distances. The conditions for this attraction and the range of this 
orce are calculated. It is shown that the range can be as large as a few hundred Ang- 


stroms. 
NoratTIon 


V(x, y, 2) = electrostatic potential 
D = dielectric constant 
p = charge density per unit volume 
e = elementary charge 
v; = valence of the z’th ion 
vi(xz, y, 2) = number of ions of the z’th species per unit volume at 2, y, z 
Ni. = number of ions of the 2’th species per unit volume at infinity 
k = Boltzmann constant 
T = absolute temperature 
P = pressure 
F = force 
o; = charge density per unit area of the z’th surface 
u = chemical potential 
N;* = total number of sites available per unit area of the z’th surface 


to the cation 
S,* = total number of sites available per unit area of the z’th surface 


to the anion . 
isoelectric medium concentration of the cation for the 7’th 


surface 
isoelectric medium concentration of the anion for the 2’th 


surface 


1 Present address: Physics Department, Columbia University, N. Y. City. 
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c = cation concentration in the medium 
¢ = anion concentration in the medium 

No. = isoelectric concentration of the ion on the 2’th surface 
z= = molarity of the medium ions 


n/2 


M= oii, 


t=1 
One of the important problems of colloid science is the determination 
of the nature and magnitude of forces involved in the interaction of highly 
charged lyophobic colloids immersed in an electrolytic solution. 
The theory of this interaction was placed on a firm footing by Verwey 
and Overbeek (1), who limited themselves, however, to a consideration 


of identical particles. In this paper we shall extend the theory to nonidenti- | 


cal particles. 


I. THEORETICAL FUNDAMENTALS 


Lyophobic colloids consist of macromolecular particles in an electrolytic 
medium, which particles have no affinity for the solvent. Solvation plays 
therefore no significant role, and the electrostatic potential becomes the 
main focus of investigation. 

If we have an arbitrary, charge-bearing surface in a medium containing 


charges, the electrostatic potential y can be calculated from the Poisson | 


equation : 


Norther 


Vy si D p(x, Y, z). (1) 


When the system is in equilibrium, the charge density p can be calculated 
from: 


p(x, y, 2) = De evini(a, y, z) = mab Png Ao [2] 


The energy E(x, y, z) in the Boltzmann distribution consists of a number 


of terms, the most important of which is the electrostatic energy eva)(z, y, 2). | 


If all other contributions are ignored, Eq. [1] becomes: 


Are < ee. 
Vy = — Dy > ViNiy€ fer ev ihe) (3] 


Equation [3] is the Poisson-Boltzmann (P.B.) equation and represents | 


the foundation of a good part of the theory of the interaction of colloidal 
particles. 


Limiting ourselves to one dimension, [3] becomes: 


Eve. Anes 


Ove = cn. go hePivlbT) 
da? D m= 1 ViN ie : ? [4] 
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which can be immediately integrated as follows: 


dy dy “ Ane => is dy en rikD) 


dx dx? M0 Te 5) 
Hence: 
dy\ _ 8rkt< —(e s/h) 
(Fe) = FES nae? + G, 8 


The second integration follows from [6]: 


i; Jats E Ma eT fu | dz + Cy. [7] 


If C; and C2 are evaluated from the boundary conditions, y can be solved 
for from Eq. [7]. A detailed discussion of the above for the case n = 2 can 
be found in the treatise by Verwey and Overbeek. 

Our main interest, on the other hand, does not lie in the calculation of 
the potential but in the determination of the force between two charge- 
bearing surfaces. There exist various ways of accomplishing this, and we 
shall in particular consider the case of two infinite parallel plates, one at 
x = 0, the other at x = I. 

For every volume element of solution between these plates to be in equi- 
librium, the pressure gradient and electrostatic force must cancel: 


dP dy _ 
EE = Riana [8] 
Equation [8] can be integrated, using Eq. [1]. We find 
D (dv _ 


Hence, at every point in solution the difference between the pressure and 
Maxwell’s stresses is a constant. This constant must be the force pushing 
the plates apart. It is counteracted by the pressure which the solution 
exerts in back of each plate and is equivalent to the pressure at infinity. 
Hence, the force is given by: 


D (ay\ 
F = Pa) —P.- 2(#). [10] 
From Eq. [8]: 
Pt) P2= | dP={ pay 


n Co) 
— kT 
= D3. ony | x evp/ dy, 
xz 


t=1 
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and, since lim ¥(x) = 


xz co 


P(e) = Pale et Dane ae: (1a) | 
71 } 
The force becomes then: 
n Je D dy 2 | 
me F evgy/kT =e a || Che ; 12 | 
jie od Be du Nile 1) = (#). [12] | 


Equation [12] can also be derived from an extension of an argument due | 
to Langmuir (2). As is well known, the existence of a charged surface in an | 
electrolytic medium gives rise to a diffuse double layer. This leads to a differ- | 
ence in osmotic pressure between the solution in front of and behind the | 
charged surface. It is given by: 


P = kT{n(z) — nel 


A . [13] | 
= kT > nies — jj. 
i=1 


This is the force exerted from this volume element at x against the plates, 

tending to push them apart. On the other hand, each volume element con- 
2 
taining a charge density p also experiences a force = (%) drawing ittoward | 
Tv 

the plate; hence a force of equal magnitude is exerted on the plate charges | 
by the charges in that volume element. The total repulsive force, therefore, 
exerted per unit volume, on the plates, is: 


r= .  Pomerew (ay /kT 4) apy | 
kT dX Nile 1 = = ore [14] | 
Equation [14] is identical with [12]. 
We can now use Eq. [6] in [14], resulting in: 


D n 
F= — 5 Gr — kT 2 ray. [15] 
WT t=1 


Equation [15] will now be evaluated for two simple cases treated already | 
by Verwey and Overbeek. | 

1. If we are dealing with a single plate, y as well as dy/dx are zero at, | 
infinity. Hence, from Eq. [6]: 


SakT 
Q=- = Pees [16] 
t=1 


and the force becomes zero, as expected. 
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2. If we have two identical plates, i.e., Y(O) = y(Z), the potential will 
then have a minimum at x = 1/2; dy/dr is therefore zero at 1/2, and, from [6] 


C= — — xz igen nee [17] 
This results in: 

ae os tig le rev _ [18] 
If we are dealing with a single species of electrolytes, n = 2, = —» ; 
Eq. [18] reduces to: 

F = 2kTno | cosh ale 2 i], [19] 


which is the expression developed by Verwey and Overbeek, Langmuir, 
etc. It is always a repulsive force. 

The above considerations enable us now to proceed to an examination 
of the forces between nonidentical particles. 


II. NonipENTICAL PARTICLES 


The evaluation of the force requires the proper determination of the 
constant C; , which in turn means the proper determination of boundary 
conditions. Verwey and Overbeek discussed the relative advantages of 
settling upon either Yo or o as being independent of interaction, and con- 
cluded that it was physically preferable to consider the surface potential 
yo as a constant of J. This can be justified by the following thermodynamic 
argument. ji 

The charge on the particle surface has its origin in the adsorption of po- 
tential determining ions from the solution onto the surface. There must 
exist therefore a drop in the chemical potential between solution and 
surface. This migration of ions is opposed by an electric potential emo . At 
equilibrium the two must balance: 


eo’ + Au = 0. [20] 


The chemical potential difference depends on two factors: the ion concen- 
tration c in solution and its concentration on the surface. If we assume, as a 
first approximation, that the latter contribution is negligible, yp becomes: 


kT Cc (21) 


Hence, Verwey and Overbeek conclude that yo is independent of the inter- 
action distance 1. 
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P(0) ¥(0) ¥(0) ¥(0) 


O° l, le ly ———- 
FIGURE ! 
Fig. 1. The family of curves ¥(z), for various /, for two identical particles. 


Since they limited themselves to a consideration of identical particles, 
the argument with its boundary conditions led to proper conclusions. But 
if an extension of the theory to nonidentical particles is attempted, it 
becomes at once apparent that neither o nor Yo can be selected as constant 
without ending up with physically impossible results. 

This can be seen from the following argument. The P.B. equation gives 
us y(z) as a function of the interaction distance / between two plates. For 
two identical particles, a family of curves results as shown in Fig. 1. It is 
seen that the minimum of ¥(zx) increases with increasing interaction and 
that the curve approaches a horizontal line in the limit as / approaches 
zero. From Gauss’s law, therefore, the charge densities on the two plates 
approach zero for large interaction. 

But if we now fix y(0) # y(l) and cause these two nonzdentical plates to 
approach, ¥(x) must clearly acquire a larger and larger slope which will 
ultimately become infinite for zero distance. The charge densities become 
therefore also infinite—a physically absurd conclusion. The above physical 
argument (represented in Fig. 2) can be confirmed in a straightforward 
manner by an examination of the first and second integrations of the P.B. 
equation. 


te} lL ams 1; X— 


FIGURE 2 


Fie. 2. The family of curves y(x), for various 1, for two nonidentical particles. 
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The need for a revision of the theory is clearly indicated. In particular, 
the artificial constancy of > must be removed. This means, more specifi- 
cally, that we must find some reasonable physical argument whereby yo 
can be determined as a function of the interparticle distance J, or of some 
other /-dependent function. 

We also know from the above arguments that this functional dependence 
of ¥(0) and y(l) on J must have the property that, as / approaches zero, 
y¥(0) and y(/) must become identical. For otherwise an infinite charge density 
is again indicated. 

It is not very difficult to find the physical conditions which can determine 
Wo . All we need to do is to remember that the 1 independence of Wo was 
established by a thermodynamic argument which ignored the contribution 
of the surface chemical potential. It is therefore immediately suggested 
that we include the surface chemical potential in the equilibrium deter- 
mination of Yo . This inclusion leads directly to the revised theory. 


III. Tue Revisep Turory 


Consider a surface of an infinite plate immersed in an electrolytic medium. 
A given kind of cation can migrate from the solution and be adsorbed on 
open sites of the surface. The plate has also a given negative charge density 
which is assumed here to be independent of the ions in solution. (This latter 
approximation can be removed without affecting the argument or its 
conclusions.) Let N* be the total number of these sites available per unit 
area, to the cation, let No be the number of these sites filled when the surface 
is neutral, and let cy be the ion concentration in solution at infinity when 
the plate is isoelectric. Further, let N and c represent the surface and 
medium concentration, respectively, of the ion for some arbitrary state of 
the system. We shall further assume that the ions do not interact in any 
way on the surface except for the crowding effect. The chemical potentials 
of the ion on the surface and in solution are given by: 


EA 
Nae NN, [22] 


wo, (1, P) + kT Inc. 


wo,(L, P) + kT In 


I 


u(surface) 


p(medium) 


The surface potential in [22] can be derived quite simply from statistical 
nechanical considerations and amounts to introducing a Langmuir-type 
dsorption isotherm. a 

If N sites are filled at an ionic concentration c, Ap is given by: 


N 
Au = po, — Hom + ST ety 
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or, considering the definition of ¢o and No : 


Co N(N* — No) 
cNo(N* =) N) : 


Au = kT In - [23] 


From Kgs. [20] and [23], 


N* — Ny 
¥(0) = i jin 2 alo iene stp [24] 


This is now the required relationship between yo and /, since N isa function | 
of l from Gauss’s law. 


IV. APPLICATION OF THE THEORY TO NONIDENTICAL PARTICLES 


To apply the theory to nonidentical particles it is necessary to establish 
the over-all shape of the ¥(x) curves between such particles, for various 1. 
As was shown in Fig. 1, in the case of two identical particles the curve 
drops to a minimum halfway between the two plates. It seems reasonable 
to assume that if two nonidentical particles are some distance apart, the 
curve will also have a minimum, although probably not in the central 
plane. 

But what happens at close distance? We must remember here that 
electro-neutrality has to be preserved in the limit as / approaches zero, 
Hence the two charge densities are either zero or of equal magnitude but 
opposite in sign for maximum interaction. If the two charge densities are 
zero, the minimum will keep rising as / decreases, but will remain a minimum 
for all 1, regardless how small. This would also be made feasible by the 
physical requirement that the two surface potentials come closer and 
closer to each other for large interaction. If, on the other hand, 


lim o, = —oz, the curve must lose its minimum at some small / and rise 
10 


from one surface to the other. In that case, then, the charge density on one 
plate will have reversed its sign and the two plates will be oppositely charged 
from that point on. 

These two alternatives can be evaluated from a consideration of Eq. 


[24]. If the charge densities become zero, then N; becomes N;, at 1 = 0,| 
and hence: 


hi - 
1-0 ane BM [25] 

Yo. = — In — 

ev C02 


But we must also require that lim yo, = Yo, ; therefore, a minimum can exist 
1-0 


for all 1 only if co, = co, . This is of course a very special case for two non- 
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identical plates, and we can conclude that if the isoelectric points of two 
nonidentical plates are not the same, there will exist a certain J* for which 
v(x) ceases to have a minimum and rises from the surface with the smaller 
potential to that with the larger. This in turn means an electrostatic at- 
traction which could conceivably become larger than the repulsive osmotic 
pressure. 

Without solving for C; , which is a function of 1, we can use Gauss’s law. 


ae -2(*) 
; 4nr \dx/o 


[26] 
- D(s) 
° 4 \dz/1 
and hence, from [6]: 
D 2 Pe 
ous 7 ae aeons TG 
[27] 


Di /SacP bits 
0, = ze = Do Mine iV(L)/kT a GC: 


It can be seen from [27] that o; becomes —« in the limit as / approaches 
zero. Furthermore, this resultant symmetry is independent of the 
parameters of the two plates. 

We turn now to Eq. [24], in order to establish its physical validity; this 
must be shown in the identity of ¥(0) and (J) for 1 = 0. 

Assume that the condition is not satisfied. Then the slope will become 
increasingly large for small J, and therefore also the charge density on the 
first plate will become increasingly negative. But, as soon the charge density 
takes on the finite value —N,, (for which N; is zero), the potential yo be- 
comes infinite. Since this occurs for a finite value of the slope, this result is 
mathematically unacceptable. Hence, Eq. [24] must satisfy the physical 
requirement of the identity of the two potentials for maximum interaction. 

We shall now investigate the conditions for which short-range attractive 
forces can arise between nonidentical particles. There are two ways of 
doing so. One is to examine the force at maximum interaction, i.e., 1 = 0. 
This follows from [12]: 


. 20 
7, [ptm eriW OKT Lous 2 28 
F(0) = kT do rig le thee [28] 


If [28] is negative the force is attractive; it can be evaluated by using the 
conditions: 


V0) = ¥() 


GA Sales) 


for 1 =0. [29] 
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This procedure, although simple, involves extensive calculations and will 
not be attempted here. 

We shall instead investigate the possibility of an attractive force from 
the standpoint of the conditions permitting the force to become zero at 
some finite /*. For all J smaller than this, the force is attractive, and hence : 
the above procedure enables us also to determine the range of attraction. | 
For these purposes we shall simplify the model to some extent by assuming | 
that | v;| = | v,;| for all 7, 7. Hence: 


n nl2 
i eZ na) chee 
i=l kT 


i=l 


y [30] 
ev 
= 2M cosh cP 
: 0 l ; 
Setting 2 = ee 2 = — i= mor using Eqs. 


[24], and [26]: 
ete Q; [ev(N*; ah Noi) =: oil 


o; +t wNo; [31] 
Solving for o; : 
c ; 
evNo; bs a e| 
a 0; 
of EO Q; + e7% ; [32] 
From Eas. [26], [82], and [6] Ci can be determined. 


167 
ODE + ay 
: 33} 
PN Fe eal ba 
(rev No; Ie — | — kTDM cosh z;(e7* + ay. 


Co; 


If there exists an /* for which the force becomes zero, the constant C, must | 
then have the value of: 
| 16akT 


(Ci = D 


M. [34] 


Substituting [34] into [33] results in: 


c ae 
mev No; ee — | — kTDM (cosh z; — 1)(e** +9)? = 0. [35] | 


‘ 


Furthermore, Eq. [34] also enables us to integrate [7] from x = 0 to | 
x = l. It leads to: 


ov eR D a dz 
Lr = — oe | [36] 
0 ev 16rkTM J:, Vecoshz — 1 
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which in turn can be evaluated: 


DkT tanh 2/4 
= 4/ PEE In hel 
Seven Caan i/d: 7] 


To examine this more concretely, we select z: = 0.5 volt, z. = 5 volts, 
and set M equal to ZN, where N is Avogadro’s number. The Roeribicnt 
i is then the molarity of the ions in solution. Substituting these values into 
[37] results in: 


Bret oc Oe em s/n. [38] 


If 7 = 104, * = 15 A; if @ = 10°°, I* = 150 A. 

It can also be established by simple substitution that the above values 
for z; and M are compatible with Eq. [32], if N,* and c/co, obey certain 
specified relations. In particular, for z = 5 volts, c/co, > 148, since o» 
is positive. 

We can also evaluate o2 ; if 7 = 104, we find that 


6.85 X 104 e.s.u./em.” 
1.4 X 10“ charges/cm.’. 


02 


Similar operations can be carried out for the first plate, and restrictions 
are again found for the various parameters. In particular it is required that 
C/o, < 1.6. 

The above indicates that an attractive force is possible between non- 
identical plates, but that it depends upon very large differences in the iso- 
electric concentrations. 

One other interesting question is the dependence of the force on the ionic 
strength of the medium. This can be examined most easily from [28]. Since 
o and (0) are here independent of the ion concentration, the only relation 
enters via 2n,, . This indicates that the repulsive part of the force is directly 
proportional to the ionic concentration. 


V. EXTENSION OF THE THEORY TO MORE THAN ONE IONIC SPECIES 


Equation [24] was developed on the basis that only one given ion was 
adsorbed on open sites; the surface charges of the other sign were assumed 
to be independent of the medium. This is clearly a special case of the more 
general situation where both positive and negative charges adsorb from 
the medium. 

Furthermore, one uncomfortable aspect of the theory as developed until 
now is the heavy dependence of the attractive force and its range on very 
large differences in the isoelectric concentrations. We therefore examine 
the more general theory of multiple adsorption with the hope that the 
conditions of attraction will prove here to be less rigid. 
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The extension of the theory is quite straightforward as long as we assume 
that the adsorption of these ions are independent of each other, except in 
so far as there are a limited number of sites available per unit area for the 
cation as well as for the anion. Equation [24] is therefore still valid, but [31] 
and [32] no longer hold. 

To be specific: let S;* be the total number of available sites for the anion 
per square centimeter on the 7’th plate, let S; be the actual number of such 
sites filled, and ¢; the anion concentration in the medium. The charge 
density is then given by: 


Of == ev(N; — S;) [39] 


on the assumption that the valence of the cation and that of the anion 
are identical in magnitude. At the isoelectric point, N; = S; = No; the 
corresponding medium concentrations are co, and ¢, for the cation and 
anion, respectively. 

There are now two separate equations for the equilibrium potential 
Wo , as given by [20]. One relates to the Au of the cation and yields Kq. [24]. 
The other is 


Ag — ero = 0, [40] 


where Aj is the change in chemical potential of the anion. Using the same 
reasoning as with respect to the cation we find the second equation for yp : 


i Co(Ss* — No;) 
S90. ae No, ¢ iF 


vu 


[41] 


co;(S:* aT No;) 


Equation [41] can now be solved for S;. Setting ¢; = V ; 
0, ¢ 


we find: 
eye tata 
ope 
After some manipulation of the above equations, we finally conclude that: | 
Rie QL; ia e*) (wN;* a: a1) = wS,* on 
oie: + e') + aSte 


S; [42] 


& 


[43] | 


and hence: 

oe v{aiN* (oi +e) — Si* eF(e* + 2)} 
(Cietoe*) i atene : 

Equations [43] and [44] are the equations analogous to [31] and [32]. In 


particular, the dependence on ¢/co, can be seen in [32]: the charge density of 
the positive plate must be larger than exp (z;). An inspection of [44] dis- 


: [44] 
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closes that no such rigid dependence exists. In particular, if o; is positive, 
[44] demands that: 


e*'Noc(e"® + Q,) 


Co; < Ne [45] 
and 
o> = Ay ey Cs G05) [46] 
e'No, cle’? + Q,) — ;N; Co; 
If o; is to be negative, co, can have any value as long as: 
No, Q:N:;* (ce** — op, 
re 0; (ce Co;) [47] 


e*No,c(e* + Q;) — 2;N;* Go; 
We can therefore conclude that a multiple adsorbing system can give rise 
to attraction between nonidentical plates without imposing very rigid 
demands upon any one given parameter, in particular, the isoelectric 
concentration. 


VI. APPLICATION oF THis THEORY TO COAGULATION 
oF CoLuLoipaAL Mixtures? 


As we have seen, nonidentical particles can attract each other over 
short range. Further, even if the force does not become attractive, the 
repulsive force decreases over some interval for large interaction. It has 
also been shown that the magnitude of this attraction depends upon the 
difference of the plates; i.e., the more nonidentical, the greater the attractive 
force. 

Suppose now we have a mixture of different colloids in solution. From the 
above it follows that those colloids which are most different will have the 
greatest chance of attracting and hence coagulating. We will obtain there- 
fore a precipitation of those colloids falling at the tail ends of the distribu- 
tion curve, leaving the colloids in the middle of this curve in solution. 
It would seem then that by properly controlling the composition of the 
colloid mixture, as well as the salt concentrations, one should be able to 
use this approach to precipitate out those colloids from a mixture which 
are undesirable, leaving the desired ones behind. 

VII. Discussion 

The above considerations indicate that as long as we are dealing with 
the interaction of identical particles, the boundary conditions of Verwey 
and Overbeek (i.e., the independence of the surface potential of the inter- 
action distance /) are physically adequate and give correct results. This 
means that it is possible to ignore the contribution of surface crowding to 
the chemical potential difference. 


2 This idea was suggested to me by Dr. N. Rashevsky. 
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But if we extend the theory to deal with the interaction of nonidentical 
particles, the Verwey and Overbeek theory is no longer justified, because it | 
leads to the physically absurd conclusion that the charge densities become 
infinite for 1 = 0. This conclusion arises exactly because crowding is ignored, | 
and hence no limitation is put upon the possible number of adsorbed 
charges. | 

In the revised theory the surface potential is included in the total chemi- | 
cal potential, and hence crowding is taken into account. This in turn means | 
that both the charge density and the electrostatic surface potential become | 
functions of J. This revision has no effect on the formal expression for the | 
forces between identical particles; it does greatly affect the theory of forces | 
between nonidentical particles. In particular, it points up the possibility of | 
attractive forces arising at short range between particles both of which are | 
positively charged at large distances from each other. 

The physical basis of these attractive forces is clear. It is well known | 
that two approaching positively charged particles drive charges off each | 
other’s surfaces. If they are identical, the charge density simply goes to | 
zero in a symmetrical manner. If they are nonidentical, one surface will 
become neutral and then negative when the other is still positive. In this 
region two forces exist: an electrostatic attraction between the two op- | 
positely charged particles, and a repulsive force due to the affinity of the 
potential determining ions in solution for the plate surface. These ions | 
attempt to migrate back to their sites (with an affinity which increases with | 
decreasing charge density) and hence exert an influence causing the plates | 
to move apart. Under certain specified conditions the net force becomes | 
attractive in this region. | 

We find therefore in the revised theory that it is no longer necessary 
to resort to London-van der Waals forces in order to account for short-range 
attraction between nonidentical particles. This of course in no way rules out 
the probable importance of these forces. 

It is also of interest that the direction of the force depends very much 
on the identity or nonidentity of the interacting particles. The above might 
conceivably be of some use in explaining the behavior of large charged 
molecules (proteins, nucleic acids) in living systems. 


VIII. Summary 


1. A consideration of nonidentical particles necessitates a revision of the 
Verwey-Overbeek theory; the electrostatic surface potentials must be | 
made functions of the interaction. 

2. An inclusion of the crowding effect in the chemical potential provides | 
the physical basis for the interaction dependence of Y . 

3. Suitable expressions are found for the case where (a) a single ion is 
adsorbed, providing the positive charge on the surface; and (b) two ions 
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of different sign are adsorbed. This system is less rigid with respect to its 
requirements for attraction. 

4. Identical particles experience only repulsive electrostatic forces in 
agreement with the theory of Verwey and Overbeek. 

5. The surface potentials of the two nonidentical plates become identi- 
ealat 1 = 0. 

6. The charge densities of two nonidentical plates bearing net charges of 
the same sign at large distance become equal and opposite at 1 = 0. 

7. If certain conditions are met there will exist a distance [* at which 
the repulsive force between two nonidentical plates becomes zero and is 
attractive for smaller 1. 

8. The magnitude of the repulsive part of the force at 1 = 0 is directly 
proportional to the ionic strength of the medium. 

9. The range of the attractive force can be of the order of a few to a few 
hundred Angstroms. 

10. Since the magnitude and range of the attractive force depends upon 
the nonidentity of particles, it suggests that in a mixture of colloids, the 
most nonidentical particles will precipitate out, leaving the more identical 
portion in solution. 

Note: In a previous paper, (3), a somewhat different presentation was 
given of the same idea. In particular, the force was calculated via the free 
energy; Eq. [28] was derived and formed the basis of discussion. Since the 
method used in this paper is very much shorter and more general, we have 
refrained from discussing the other approach. The interested reader is 
referred to reference 3. 
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ABSTRACT 


The diffusion battery consists of a number of long, narrow, parallel channels | 
through which the fluid moves in streamline flow. Measurement of the fractional pene- | 
tration of a homogeneous, sub-micron aerosol through the battery allows the deter- 
mination of its diffusion constant and particle size. The object of this work was to 
investigate the validity of the diffusion method. 

Circular tube batteries were used to determine diffusion coefficients of gaseous | 
molecules; satisfactory agreement with previous values was obtained. Two parallel 
plate batteries were used for aerosol particle size measurement in the 0.15- to 0.40-» 
radius range; data were extrapolated to zero flow rate through the battery. Results 
checked those obtained by the gravity settling method and standard optical methods | 
in the 0.15- to 0.30-» radius range. Above 0.30-» radius, the batteries gave low results. 

The diffusion battery is applicable for determining particle size from atomic | 
dimensions to radii of about 0.3u. Battery construction difficulties, however, essen- 
tially limit the method to particles under 0.1-u radius. 


INTRODUCTION 


At present very few methods are available for measurement of aerosol 
particle sizes below 0.1-u radius. If the particles are liquid, the ‘‘growing”’ 
technique developed by La Mer, Inn, and Wilson (1) applies. Solid aerosols 
may be measured by use of the electron microscope and, indirectly, by 
use of the ultramicroscope. However, the measurement of particle size 
by the electron microscope is slow and expensive. 

Very small aerosols are characterized by relatively high diffusion rates, | 
and it is possible to utilize this property for measurement of the particle} 
size. The first application of the diffusion method to aerosol particle size 
determination was made by Nolan and Guerrini (2) in 1935. They found | 
the radii of atmospheric condensation nuclei to be about 0.03 yu. Later} 
work was done by Nolan and Nolan (3), Nolan and Kennan (4) and| 
Radushkevich (5). During World War II, the method was used by Rode-| 


1 The initial work on this project was supported jointly by the Army Chemical] 
Corps and Oak Ridge National Laboratory. ORNL is operated by Carbide and Carbon} 
Chemicals Company for the U. 8. Atomic Energy Commission. 
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bush, Holley, and Lloyd (6) to determine particle sizes in conjunction with 
filter paper tests. 

Following Rodebush e¢ al. (6) the apparatus is called a ‘diffusion battery,” 
and consists of 19 or 20 long parallel channels, 0.1 mm. wide and 12.7 cm. 
high, in which gravity has a negligible effect on particles of radius below 
0.3 u. As the aerosol moves, in streamline flow, through the long narrow 
rectangular channels, the random Brownian movement of the particle 
causes it to displace from its original position in the air flow streamline. 
The most probable displacement from a streamline is zero, but the average 
displacement is proportional to the square root of the travel time. Conse- 
quently, some of the particles are displaced sufficiently to reach the walls 
of the battery. It is assumed that once the particle reaches the battery 
wall, it will adhere. Therefore, a fraction F of the influent particles appear 
in the battery effluent. Since the magnitude of the Brownian movement 
increases with decreasing particle size, the smaller the particle size, the 
lower the value of F. From the value of F,, the diffusion constant D of the 
aerosol may be obtained and the particle size calculated. 

Townsend (7), using channels of circular cross section, was probably the 
first to develop the theory of mass transfer by diffusion in channels. His 
“diffusion battery’? consisted of several metal tubes, 10 cm. long and 0.3 
em. in diameter, arranged in parallel. His objective was to determine the 
diffusion coefficients of ions in air and in various gases. The gaseous ions 
were sorbed by the wall of his diffusion tube while en route through it, 

_analogous to the removal of aerosol particles by a battery wall. The equa- 
tion developed by Townsend was rederived in 1948 by Gormley and 
Kennedy (8). They obtained 


F = 0.819¢-* + 0.0975¢-®12 + 0.0325¢-18 + «+>; [1] 
y= 366m De 
oRae 


The symbol D is the diffusion constant of the diffusing aerosol or gas, z 
the length of the diffusion tube, and Q the volumetric flow rate. The 
equation applies for values of F below 0.78. For values of F above 0.78 
another equation applies (8). 

In 1935 Timoney, working with Nolan and Guerrini (2), developed 
an equation for the parallel plate battery (rectangular cross section). 
This type of battery is more suitable than the circular type for work with 
relatively large particles (~ 0.01- to 0.5-4 radius). The equations de- 
veloped at that time by Timoney were later corrected by Gormley in an 
appendix to a paper by Nolan and Nolan (3). 


F = 0.910e-« + 0.053e—"'-42 + :-> ; [2| 
- 3.77 bDz 
(64 ao. ° 


248 JESS W. THOMAS 


In this case Q is the volumetric flow rate through one channel, 2a the 
spacing between the parallel plates, and b the height of the channels 
perpendicular to the direction of air flow. The quantities D, F, and z 
have the same meaning as in the case of the circular diffusion tube. 

Recently, at this laboratory (9), this basic equation was rederived with 
the following result: 


F = 0.915e-* + 0.059e—! 8 + 0.026¢-8%, [3] 
_ 3.77 bDz 
HAT nOy 


Equations [2] and [3] check very closely. For values of F under 0.90, 
there is a difference of less than 1% in F for the same value of D in both 
equations. Rodebush ef al. (6) used the coefficient 0.99 instead of 0.915 or 
0.91 in the first term of the equation. Equation [3] is considered reliable, 
and it is used in the present work. 

To obtain the particle size of the aerosol from diffusion constant measure- 
ments, the Einstein diffusion equation is used, with Millikan’s correction 
(10) for the application of the equation to a nonhomogeneous medium: 


Oan r r 


A = A)+ Be 


[4] 


A, B, and C are empirical constants; \ is the mean free path of an air 
molecule; and r is the radius of the diffusing particle. Millikan (10) ob- 
tained his corrections for values of \/r ranging up to 134. Since \ is about 
6 X 10°° cm. for air at room temperature and pressure, this equation may 
be expected to hold for oil drops as small as 0.0005 yu in radius. 

The values of Ao, B, and C used in Eq. [4] depend on the value selected 
for the mean free path. The values corresponding to the presently accepted 
mean free path of 6.53 X 10-* cm. (760 mm., 23°C.) are Ay = 1.25, (Be 
0.44, C = 1.09. These values were obtained by changing the values sum- 
marized by Rodebush, Langmuir, and La Mer (11) to correspond to \ = 
6.53 X 10~® cm. There is a variation in the value of A with the nature 
of the droplet (10, 12). 

Equation [4] does not apply accurately to particles as small as gas mole- 
cules; but the equation gives values which are good approximations. 
Substitution of the diffusion constant of oxygen, 0.2 cm.?/sec., into Kq. [4] 
yields 2.5 A. as the radius of the oxygen molecule; the collision radius of 
the oxygen molecule (13) is about 1.8 A. For hydrogen, Eq. [4] gives 1.6 
A.; the collision radius (13) is 1.35 A. 
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OBJECTIVE AND EXPERIMENTAL APPROACH 


It is difficult to construct a diffusion battery which will measure particle 
sizes in the range covered by the standard light-scattering methods (<0.1-u 
radius), but it was believed essential to confirm the method by a standard 
technique, despite the battery construction difficulties. At the other ex- 
treme, it is possible to check the battery equations and methods using the 
ultimate in small “particles,” that is, gas molecules. Since gas molecules 
have relatively large diffusion constants, this experiment is easily done. 

The objectives of this work were to check the diffusion battery method 
by (1) measuring known gas diffusion constants and (2) using particles of 
about 0.1- to 0.5-u radius. 


Determination of Gas Diffusion Constants 


The air-gas mixture was passed at several flow rates through a 3.5-cm. 
inside diameter glass tube lined with an absorbent paper. The gas com- 
ponent, present in small proportion, diffuses to the wall during transit 
and is absorbed by the impregnated paper. To maintain streamline flow 
in the diffusion tube, auxiliary calming sections of tubing were used, 
80 cm. long at the entrance and 45 cm. long at the exit. 

Diffusion constants were determined for two gases, SO; and NH;. 
The absorbing paper was impregnated with oleic acid for the SO; test 
and with saturated copper sulfate solution for the NH; test, allowing 
complete absorption of all SO; or NH; molecules contacting the paper. The 
gas concentrations were in the range of 1 to 10 mg./l. The SO; gas con- 
centration was obtained by passing the inlet air over fuming sulfuric acid 
containing 20% free SO;, and the NH; gas concentration by passing the 
air over 0.25 N ammonium hydroxide. In both tests, Ascarite was used to 
remove CO., and in addition for the SO; test, the inlet air was dried to 
prevent aerosol formation. Bubblers were used to sample the gas influent 
and effluent to the diffusion tube. In the SO; test, it was necessary to fit 
the inlet tube to the bubbler with a medium porosity glass disc, to prevent 
aerosol formation in the bubbler. Water was used as the absorber for SO3. 
The SO; concentration and penetration samples were analyzed by titration 
against 0.05 N sodium hydroxide, using phenolphthalein as an indicator. 
For the NH; test, the bubblers contained 25.0 ml. of 0.05 N HSO, in 
400 ml. water. After absorption of the ammonia gas, the bubbler solutions 
were titrated to pH 6.5. 

The results of the experiments are summarized in Table I. The diffusion 
constant of SO; as determined experimentally was about 30% higher than 
the value calculated from empirical equations (14, 15) in the literature. 
However, the empirical equations are not accurate, as may be seen from 
the graph given by Sherwood (14). The diffusion constant of NH; was 
found to be 8 % lower than the experimental value given by Andrussow (15). 
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TABLE I 
Diffusion Constant Determinations 
Temperature, 24 + 2°C. Pressure, 740 mm. Hg 
Inlet Diffusion Flow Gas Diffusion 
Gas used concentration, tube length, rate, penetrating, constant, 
mg.liter cm. 1./min. % cm.?/ sec. 

SO; 6.75 14.6 0.950 17.4 0.147 
SO; 5.59 14.6 1.960 37.6 0.15270.146 
SO; 5.19 14.6 0.950 19.1 0.138 
NH; 2.40 14.6 0.947 9.2 0.207 
NH; 2.07 14.6 1.950 34.9 0.165 
NH; 2.08 5.8 0.947 31.4 0.229 0.203 
NH; sae 5.8 1.950 53.2 0.210) © 
NH; 2.19 5.8 0.500 16.6 0.200 
NH; 2.04 5.8 0.750 27.4 0.206 


It was concluded that the equation for the circular battery is correct, 
or very nearly correct. The method for determination of the diffusion 
coefficient of gases and vapors described above may be, in many cases, a 
more convenient method than the standard methods. 


Diffusion Batteries 


Two batteries were made, each having channels 0.01 em. wide by 12.7 
cm. high. The larger battery, 47.3 cm. long, had 20 parallel rectangular 
channels; the small battery, 5.08 cm. long, had 19 channels. The pressure 
drop at 1 1./min. air flow rate was 7.5 cm. H.O for the large battery, 0.8 
cm. H;0 for the smaller battery. 

A very fine grade of graphite was used to make the battery plates. This | 
was relatively easy to machine to the close tolerance necessary (+0.00015 
in. in thickness over an area of about 125 sq. in.). The channels were made 
by machining out a layer of graphite 0.01 cm. thick from each battery 
plate, leaving shims in the center and at the edges for spacers. Two heavy 
stainless steel plates were placed on both sides of the battery, and the 
assembly bolted together. Two end pieces of about 1-l. capacity were 
provided to direct the air stream from the battery channels into a 3¢-in. 
pipe. 

The spacings (2a) of the channels in the battery were measured with a 
microscope. The values obtained were averaged to give the following: 
Large battery, 2a = 0.0095 cm.; small battery, 2a = 0.0092 cm. By these 
measurements the most probable deviation of each channel width from 
the average width was 0.0004 cm. for either battery. 

The channel spacings were also calculated from pressure drop measure- 
ments. By these calculations, 2a for the large battery was 0.00994 cm.; 
small battery, 2a = 0.00970 cm. Since the existence of end effects would 
tend to lower the value for 2a determined in this manner, the values of 2a 


VALIDITY OF DIFFUSION BATTERY METHOD Zot. 


o 
> 
[e} 


F (DIMENSIONLESS) 
[o) 
a 
(eo) 


° 
w 
°o 


0.20 


i 
4 681 2 46 6 i 2 456783) 2 


Bx 1078+} x 107-7 ——++-——. x 10°€ ———+x 10° 5 
DIFFUSION CONSTANT, CM®/SEC 


Fia. 1. Theoretical large battery penetration vs. diffusion constant as a function 
of air flow rate. 


were taken to be 0.0100 cm. for the large battery, 0.0098 cm. for the 
small battery. The large battery was designed specifically for measuring 
particles of about 0.2-y radius. Figure 1 shows a plot of theoretical fractional 
penetration versus diffusion constant at several different flow rates through 
the large battery. Q, is the total flow through the battery, 1./min. 


Determination of Aerosol Diffusion Constants 


An apparatus of the type described by La Mer, Inn, and Wilson (1) 
was used to generate a di-2-ethylhexylphthalate (DOP) aerosol. Nitrogen 
was used as a carrier gas when the boiler temperature exceeded 125° C. 
Condensation nuclei were usually supplied by a heated sodium chloride 
coated nichrome wire (16). Nuclei were also obtained by passing N:2 over 
several grams of sodium chloride maintained at 550° to 580° C. ina muffle 
furnace. The nichrome wire method permits relatively rapid changes in 
particle size; the muffle furnace method has the advantage of stability. 
Aerosol concentrations influent and effluent to the batteries were measured 
by the NRL E-3 Smoke Penetration Meter described by Knudson and 
White (17). 

Particle sizes were measured by gravity settling in a convection free 
chamber, and by the optical methods described by Sinclair and La Mer 
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(18). Aerosol stability was checked by isolating a sample of smoke in the | 
penetration meter, and observing the rate of change of the intensity of the 
scattered light with time. Smoke from the generator was drawn through 
either the large battery, small battery, or bypass, then through the penetra- 
tion meter, and then on through a capillary flow meter to the vacuum 
line. The fractional penetration of aerosol through the batteries was meas- 
ured for several flow rates and the particle size calculated after making 
corrections for entrance effects. 

It was known from preliminary investigations that an entrance effect 
existed, owing to mass transfer of particles to the battery surfaces at the 
battery inlet by mechanisms other than diffusion through a parabolic 
air velocity gradient. This problem was attacked by use of the two batteries, 
which were essentially alike except for their length z. The length of the 
small battery is 5.08 cm. compared to 47.3 cm. for the long battery. The 
other battery constants are essentially the same for the two batteries; if 
they were exactly the same, the effective length of the small battery would be 

0.100 _, 19 

It was assumed that the same aerosol mass transfer to the battery wall 
occurs in the first 4.92 cm. of the large battery as occurs in the entire length 
of the small battery. Therefore, at a point 4.92 cm. down the large battery 
in the z-direction, the influent aerosol concentration will be the same as 
the concentration at the exit of the small battery. Designating as F, the | 
fraction of the aerosol penetrating the last (47.3 — 4.9) = 42.4 cm. of the | 
large battery, the following relation holds: 


_ F(large battery) 
F (small battery)’ 


c 


F, then represents the penetration through a battery 42.4 cm. long, 
corrected for entrance effects. Since this battery has a different z value, 
Fig. 1 does not directly apply. However, for a given F, and Q, , D values 


may be read from Fig. 3 and multiplied by the factor 1.11 = ee 


RESULTS—DIscuUSSsION 


Figure 2 shows typical experimentally determined aerosol diffusion 
constants, corrected for battery entrance effects, plotted against flow 
rates through the battery. As the flow rate decreases, the apparent diffusion 
constant as determined by the battery decreases. Since mass transfer by 
turbulence, etc., would decrease with decreasing flow rate, the plot was 


extrapolated to zero flow to obtain the best value of the diffusion constant 
of the aerosol. 
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Fig. 2. Extrapolation of experimentally determined diffusion coefficients to zero 
flow rate. 
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Fig. 3. Comparison of battery method with standard methods. 
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Penetrations through both batteries were determined for flow rates of} 
1, 1, 2, and 3 1./min. for six different particle sizes ranging from 0.15-p} 
radius to 0.40-u radius. The corrected penetration, Ff, was determined 
at each flow rate and the apparent diffusion constant calculated. The} 
apparent diffusion constants were then extrapolated to zero flow and the} 
corresponding particle size obtained. Results (Fig. 3) show that the 
diffusion method is confirmed by standard methods to within the precision | 
of the data (about +10%), in the 0.15- to 0.30-u radius range. Above } 
0.30-u radius, the battery method becomes increasingly inaccurate. 

The cause for the discrepancy, i.e., higher diffusion constants with | 
higher flow rates, has not been determined. Since the aerosols exhibited 
distinct higher order Tyndall spectra, they were reasonably homogeneous. | 
It would require a very inhomogeneous aerosol to explain the apparent 
observed rate of change of diffusion constant with flow rate. Calculations 
made on the effect of slight irregularities in the battery spacing, coagula- 
tion of the aerosol, etc., showed these effects to be relatively minor. In the 
gas diffusion experiments, there was no tendency for the measured diffusion 
constant to increase with flow rate, indicating that the diffusion theory 
is not in error. It is possible that the discrepancy is due to entrance effects 
existing beyond 5 cm. in the battery inlet; or to exit effects. 

The diffusion battery is best adapted for measuring particles of about 
0.05-u radius or lower. For example, a battery adapted to the size range 
0.002-4 to 0.02- radius could be easily made by using 20 channels 50 cm. 
long by 10 cm. high, with a 2.5-mm. spacing between the plates; using 
moderate flow rates of about 1 1./min. through the battery. Since the 
battery method was confirmed for particle radii in the range 0.15 to 0.30 
u, and also for gas molecules, it seems established that the method is good 
for the entire particle size spectrum below 0.3-y radius. 
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ABSTRACT 


The effects of temperature, moisture, and filament age on sodium chloride particles | 
evaporated from the hot-wire source used in the La Mer generator were studied with | 


the RCA EMU-2E electron microscope. The size appears to vary with temperature 
and filament age, and concentration seems to be a function of temperature. The shape 
of the sodium chloride crystals is related to the amount of moisture present. The 
variation of particle size with filament age appears to yield smooth curves, implying 
an orderly change. This is attributed to crystal growth in the coating of the hot wire. 


INTRODUCTION 


Although laboratory aerosols have been generated upon nuclei of evap- 
orated salts for several years, little has been known about the dependence 
of size and concentration of the nuclei on various parameters. The most 
common method of generation of these particles is evaporation from a 
hot wire, as developed by La Mer (2, 5). With the use of the electron 
microscope, much can be discovered about such nuclei. In a study of 
methods of preparing finely divided sodium chloride, Craig (1) noted that 
the salt on evaporation in vacuo was amorphous and chainlike in appear- 
ance, changing to the cubic form on exposure to room air. McLaughlin 
et al. (3) also pointed out the change in appearance which took place when 
the sodium chloride which had been evaporated in vacuo was exposed to 
room air. In the La Mer generator, air or some other gas must be present; 
however, atmospheric humidity, which is the most likely cause of these 
morphologic changes, can be reduced at will. 

In this study the effects of temperature, moisture, and filament age on 
the size and concentration of particles from this type of particle source were 
examined with the RCA type EMU-2E electron microscope. 


EXPERIMENTAL 
The final form of the apparatus used, designed to overcome the difficulty 
of the extreme sensitivity to moisture, is shown schematically in Fig. 1. It 


* The research reported in this paper has been sponsored by the Geophysics Re- 
search Directorate of the Air Force Cambridge Research Center, Air Research and 
Development Command, under Contract AF19(604)-618. 
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Fig. 1. Schematic diagram of the apparatus, including drying train, generator, and 
collector. 


consists of a drying train and an arrangement for generation and collection 
of the salt. The drying train was composed of a Drierite tower, A, a phos- 
phorus pentoxide tube, B, a filter tube packed with glass wool, C, and 
a cold trap, D, which was inserted into a Dewar flask filled with liquid 
nitrogen during collection. The air from the cold trap was then led through 
a rotameter, HE. The generator was constructed of a 1-l. round-bottomed 
flask, F. Into the neck of this flask was inserted the salt filament, G. The 
air was led out of the chamber through a three-way stopcock, H. The 
collector, J, constructed from a 500-ml. round-bottomed flask, was con- 
nected to the stopcock by a short length of rubber tubing which could be 
sealed off. In the neck of the collector was placed a copper rod, J, 2 cm. in 
diameter, with the inserted end tooled to receive an RCA electron micro- 
scope specimen holder with a specimen screen. The lower end of the rod was 
immersed in a Dewar flask of dry ice and acetone during collection, thus 
causing a thermal gradient between the specimen holder in close contact 
with the rod, and the air, which was slightly above room temperature. This 
caused thermal precipitation of a portion of the salt particles onto the 
specimen screen. The collector was provided with air cutoffs at both the 
inlet and outlet, permitting the chamber to be sealed at the conclusion of 
collection, so that the whole flask could be removed from the apparatus 
and carried to the microscope. The specimen could then be placed rapidly 
in the microscope with as little exposure to room air as possible. A bypass 
permitted air from the cold trap to be diverted through the stopcock, H, 
thus allowing the collector to be flushed with air which had not passed 
through the generator, while the air flow through the latter was bled off 
through the auxiliary stopcock to the left of H. 

The filament was prepared by repeatedly dipping in hot, saturated 
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salt solution a coil 20 mm. long, of 26-gauge nichrome wire containing 
eight turns approximately 8 mm. in diameter. The total resistance of the | 
coil was 1.8 + 0.1 ohms. An attempt was made each time to place a coating } 
of salt about 144 mm. thick on the wire. This was difficult to reproduce and | 
varied from time to time and also over the length of a single filament, | 
representing probably the largest source of error in this study. 

When first prepared, the filament surface was comparatively smooth and | 
dull white, and each coil of the filament was outlined by the salt coating. | 
After a few hours of heating, the whole surface was “feathery” and crystal- | 
line in appearance, and the filament was uniformly covered, with none of | 
the wire turns visible in outline. These changes point up the difficulty of | 
assigning a meaningful temperature to the filament, since they indicate | 
that the actual site of the evaporation changes with time. | 

To study the effects of temperature changes on emission of the salt, 
collections were made using two different applied filament voltages in | 
the apparatus as described above. Arbitrarily, 6 volts and 8 volts, represent- | 
ing incipient and low red heat, respectively, were chosen. A thermocouple 
on the surface of a typical salt coating measured 298° C. and 324°C. at the 
two settings. Collections could not be taken any oftener than once an hour 
since at least 19 hour was needed for the copper rod to equilibrate with the | 
dry ice-acetone mixture, and collection times at 6 and 8 volts were 16 hour 
and 15 minutes, respectively. The air flow was kept constant during both 
equilibration and collection at 21. min. Continual air flow was necessary | 
owing to the tendency of the specimen holder and grid to ice over if not 
bathed in moving dry air. 

The collections were assumed to be true aliquots of the total sample, 
on the basis of the following reasoning. The size distribution of salt particles 
would be expected to be relatively constant across the jet of air entering 
the collector. The specimen grid was in the approximate center of this 
jet, and the velocities involved were too low for centrifugal size separation 
to be important. Efficiency of thermal precipitation is independent of 
particle size. Thus, the measured distribution should be representative 
and the number of particles in a collection should represent a constant, 
if unknown, fraction of the total sample. 

Several micrographs were made of each collection and these photographs 
were then examined by projection from an enlarger. Micrographs of par- 
ticles of known size, Dow-polystyrene latex, lot No. 580-G, were used 
as a standard of magnification. It was discovered that the first hour’s 
collection of salt showed large particles which were cubic in shape. With 
increasing time, but only under rigorously dry conditions, the particles 
lost their cubic shape, tending instead to become round or oval. Increasing 
filament age showed a corresponding decrease in particle size. Many of 
the particles from the first hour collection were in the micron range, some 
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Fig. 2. Relationship between filament age and mass mean diameter expressed as 
per cent of the mass mean diameter at 1 hour. The line represents the equation C= 
HOO f-°-5. 


_of them being as large as 3.5y.1 The particles from the last collection, 1.e., 
after 5 to 7 hours, varied from 300 to 100 ie 


DISCUSSION 


One hundred particles from each collection were counted and sized. 
A preliminary analysis of the resulting data utilized the relative mass 
mean diameters, compared with the first hour collection, taken as 100%. 
Figure 2 represents the resulting relative sizes d as a function of filament 
age, t. There appears to be some justification for the assumption of a linear 
log-log relationship; the best least-squares line has the equation d = 100 
0-5. Jt will be noted that this relationship is independent of filament 
voltage. 

However, quite aside from the very large scatter of points in this repre- 
sentation, a statistical analysis showed that the residual variances were 
non-normal. Since the scatter was primarily due to the large contribution 
of a few large particles to the mass mean, another representation of the 
size distribution was sought. It was suggested that a nonparametric tech- 
nique be employed. Therefore, the upper 80% tolerance limit for each 


1 Particle dimensions in this paper refer either to the length of the side of a cube 
or to equivalent particle diameter, whichever is applicable. 
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collection was determined by the method of Murphy (4). This limit, dso, | 
is interpreted to mean that one may state, to a confidence level of 0.90, | 
that 80% of all particles are smaller than the given size. An upper limit | 
only was used because virtually all collections contained particles as small | 
as 100 A. Figure 3 shows the resulting plot; to a fair approximation it may | 
be seen that log dgo is linear with the inverse of the time. The lines represent | 
least-squares solution; the residual variances are normal in this model. | 
Here the absolute size difference caused by the higher temperatures (ap- | 


plied voltage) shows clearly. 


A study of the effect of filament age on particle concentration was made | 


by counting all the particles in an area of standard size and position for 


each run. The number thus obtained was assumed to be directly propor- | 
tional to the concentration, on the basis of the reasoning outlined in the | 


experimental section. An analysis of variance of the less complete 6-volt 


data gave, for five series for which hours 1, 3, and 5 were measured, a | 
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mean concentration number of 17.8 + 15.0 with no significant effect 
either of time or of the individual filament. The more complete 8-volt 
data contained six series with all measurements for hours 1 through 6. 
Here the lumped mean concentration was 57.2 + 40.8, corrected for the 
same sampling period. The larger number of samples here showed no 
significant variation with time by F-test, but a significant difference from 
one filament to another. It is probable that a larger number of samples 
would show the same effect with the 6-volt data. Application of the t-test 
to these means gave ¢ = 6.55 for 49 degrees of freedom; hence, the chance 
that the two means are in fact identical, despite the large standard devia- 
tion, is vanishingly small. Thus it seems permissible to state that the 
increase in concentration produced by increasing filament voltage from 
6 to 8 volts is roughly threefold. Hence particle concentration is found to 
be a function of filament temperature (and of the individual filament which 
may, in the absence of a really good method of measuring surface tempera- 
tures, be the same thing), but is independent of filament age despite the 
enormous changes in particle diameter. 

A possible physical explanation is the following: Aging of the filament 
has been observed to cause the salt coating to rearrange slowly into larger 
crystals, thus diminishing the total emitting surface. The heated filament 
is surrounded by a layer of salt vapor, at a partial pressure dependent only 
on filament temperature. The only effect, then, that a decrease in emitting 
area could have would be to decrease the thickness of this layer. The rate 
of self-nucleation in this layer is therefore constant, since it is determined 
by concentration and temperature. The final particle size, however, is 
related to the time of growth, which is controlled by the thickness of this 
layer. 

Wey] (6) has hypothesized that, on the early stages of condensation from 
a supersaturated atmosphere, particles are formed which are nonstoichio- 
metric in composition, and hence charged. It seemed possible that the ap- 
plication of an external field might move particles out of the condensation 
zone more rapidly or hold them in it for longer periods, depending on the 
sign of the field, thus permitting still further control of size. To test this 
theory, a 21-gauge nichrome wire was wound into a helix of a larger diameter 
than the salt filament, which was secured within it. This grid was so con- 
nected that it could be heated by alternating current, and simultaneously 
held at any desired D.C. level. The heating avoided the possibility of the 
grid itself acting as a thermal precipitator owing to the difference between 
its temperature and the temperature of the heated salt filament. Potentials 
up to 300 volts, positive or negative (a field of ca. 600 volts cm.™), and 
changes in separation between the filament and the grid produced no effect, 
probably owing to the very small area of supersaturation and the high 
speed of the condensing particles. 
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SUMMARY 


The final results show relationships between filament age and particle 
size, between the amount of moisture and the shape. The shape of the 
particles is sensitive to virtually undetectable amounts of moisture. How- 
ever, the spheroidal or oval shape of the dry particles is readily reproducible 
under extremely anhydrous conditions. Particle size was shown to decrease 
in an orderly fashion with filament age and to increase with increasing 
filament temperature. A change in filament potential from 6 to 8 volts 
was shown to produce an increase in particle concentration of about three- 
fold. 
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In two previous communications (1, 2) it has been shown that the free 
acids and their sodium salts from both arabic and agar gums behave as 
polyelectrolytes. In the present paper the results of measurements on the 
free acid and its sodium salt of gum tragacanth are reported. The method 

of preparation of free acid and its sodium salt was exactly the same as 
described in the case of gum arabic (1). Removal of calcium from the gum 
was effected in a way described for gum agar (2). The equivalent weight of 
free tragacanth acid was 550. The molecular weight of the free acid and its 
sodium salt was in the range of 80,000 to 100,000, as determined osmomet- 
rically in the presence of HCl] and NaCl, respectively. On an average there 
are about 180 dissociable groups per molecule. 
__ As will be evident from Fig. 1, the viscosity measurements with solu- 
tions of free acid in water showed a rapid rise in reduced viscosity with 
dilution. In the presence of HCl, 7sp/c vs. ¢ curve showed a maximum which 
shifted to higher concentrations of gum acid with increase in the free HCl 
concentration and ultimately became linear at sufficiently high concentra- 
tion of free acid. All these clearly indicate the polyelectrolyte nature of the 
free acid and the linear character of the molecule. 

When, however, viscosity measurements were extended to the sodium 
salt of the gum acid, certain peculiarities were noted (Fig. 2). The reduced 
viscosity diminished with diminishing concentration of sodium salt, con- 
trary to what has been noticed in the case of gum acid. The 7sp/c vs. ¢ 
curve was not linear as with neutral polymers. Addition of sodium chloride 
caused an over-all lowering of the viscosity of the solution at all concentra- 
tions measured and the »,,/c vs. ¢ curves became linear. 

At any particular concentration, however, the reduced viscosity of the 
sodium salt is higher than that of the free acid. Since reduced viscosity is a 
measure of the hydrodynamic volume unit of the dissolved molecules, the 
sodium salt must have a more extended structure than the free acid, or in 
other words, the COOH groups are less dissociated than the COONa 
groups. Measurements of pH of the solution of sodium salt showed that the 
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Fig. 2 (left). Viscosity of sodium tragacanth. 
Fig. 3(right). Change of pH with dilution of sodium tragacanth. 
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pH increases with dilution (Fig. 3). This can only be due to hydrolysis of 
the sodium salt with dilution. Since the acid groups are less dissociated, 
hydrolysis will tend to lower the viscosity of the solution with dilution. 
The relative importance of this factor compared to the uncoiling effect with 
dilution may be responsible for the viscosity behavior of the solutions of 
the sodium salt and for the apparent indication of its nonpolyelectrolytie 
nature. 
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“ I. INTRODUCTION 


A recent unpublished analysis, by the author, of the data available for 
the penetration of uncharged homogeneous La Mer-Sinclair generator aero- 
sols through “mechanical” type filters has indicated that many of the 
anomalous results may be interpreted as being due to the nonadherence 
of some of the aerosol particles and drops which come in contact with the 
filter fibers. For example, the observation of Ramskill and Anderson (1) 
and La Mer et al. (2) that it is often more difficult to filter a heavy spherical 
particle or drop than a lighter one of the same radius can be explained 
on this basis. Since the filtration process is so complex, there may be other 
as yet unrealized factors responsible for anomalous results; in consequence 
an attempt was made to investigate this question in a more direct manner. 

A horizontal stream of aerosol particles was directed towards a single 
earthed metal cylinder of small diameter. Counts were made of the number 
of particles of a given size deposited at various positions on the surface 
of the cylinder. The distribution was compared with the type to be ex- 
pected from theory in each case. It was hoped that such a comparison would 
help to decide whether nonadherence on contact is likely in practical cases, 
particularly when the cylinder had been treated so as to change its surface. 

The results obtained were compatible with the hypothesis that the 
aerosol particles did not necessarily adhere to the cylinder on contact. It was 
possible to calculate from the data the ‘‘slippage coefficient,”’ i.e., the frac- 
tion of the particles which did not adhere on contact in any particular case. 
Some indication of the variation of this quantity with changes in the air 
velocity has been obtained. 

It would appear that the effectiveness of a cylinder for collecting a specific 
aerosol may be increased by appropriate surface treatment of the cylinder. 


* Present address: Department of Physical Chemistry, King’s College, University 
of London. 
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Evidence is also cited which suggests that the presence of electric charges 
on some of the particles increases their chances of adhering to the cylinder 
on contact. 


IJ. ExeerRimMENTAL 


A horizontal stream of aerosol particles was drawn at a known velocity 
past a small vertical cylinder of blue tempered spindle steel in the apparatus 
illustrated in Fig. 1. The internal diameter of the main brass tube was 8.5 
em. The distance from the entrance of the tube to the collecting cylinder 
was approximately 60 cm. The total length of the tube was 100 em. Since 
the Reynolds number for the flow in the tube was less than 2000 even at the 
highest velocity used, the flow of the air was believed to be nonturbulent. 
At an average velocity of 5.8 cm./sec. in the tube the Reynolds number past 
a collecting cylinder of radius 150 u was 1.7. 

The time of exposure of the cylinder to the aerosol stream was kept small 
enough in each experiment to prevent one particle’s being deposited on 
top of another. Since previous work (3) indicates that electric effects might 
play a part in such experiments, the cylinder was connected to the tube and 
both were earthed. In most of the experiments an attempt was made to 
remove a large fraction of the charged particles from the aerosol stream by 
passing it through two vertical electrodes 32 cm. long maintained at a D.C. 
potential difference of 4000 volts/cm. 

After exposure the central portion of the tube (Fig. 1) which held the 
_ collecting cylinder was removed and the deposit examined with the aid of 
an optical microscope. Transmitted light, a 12X eyepiece, and a 40X ob- 
jective were used. The cylinder could be rotated about its axis and the angle 
at which measurements were made determined from a 360 degree graduated 
disc attached to the hand vice which held the cylinder in place. The number 
of particles per unit length, n, deposited at any angle was determined by 
bringing into sharp focus the edge of the cylinder and counting the number 
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Fia, 1, Diagram of apparatus for assessing deposition on a cylinder, 
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of the particles of a given size which were then in focus along a strip of 
the cylinder at a known position along its length. The portion of the cylinder 
chosen for assessment was the central part extending 5 mm. from either 
side of the center. At zero angle, the number of particles per unit length 
was usually a maximum (no). 

The effect of treating the surface of the blue steel cylinders was investi- 
gated. Silicone fluid DC 1107 supplied by Midland Silicones Ltd., London, 
was wiped on a “clean” cylinder and it was then baked for 2 hours at 200°C. 
The wiping procedure was repeated and the cylinder baked for a further 
8 hours at 200°C. Other cylinders were treated by dipping them in glycerol. 
The glycerol collected in beads. Since the distribution of these beads was 
uniform, it was possible to assess the distribution of the aerosol particles 
on the parts of the cylinder between the beads. 

In a set of subsidiary experiments lyeopodium spores (spherical solid 
particles of 15-~ radius) dispersed in the atmosphere by mechanical means 


TABLE I 


Angular Distribution of Aerosol Particles Colleted by a 150-4 Radius Steel Cylinder 
(Values in the body of the table are of n/no.) 


Aerosol Stearic Acid 
Expt NOaen.tr 1 2 3 A 5 6 7 8 
Radius (#)....... U3! 1 1.8 1.1 1.1 1.8 i 1.8 
Vo (cm./sec.)..... 5.8 5.8 20.4 20.4 20.4 20.4 5.8 5.8 
6 (degrees) 
0 1.0 1.0 1.0 1.0 eG 1.0 IEE, 1.0 
2.5 = oe = a ad 
5 1.29 1.26 Ihe! 0.85 0.86 0.94 0.92 — 
10 0.82 0.55 0.71 0.81 0.58 0.64 0.89 0.87 
15 
18 
20 0.77 0.78 0.67 0.77 0.37 0.36 0.91 1.02 
25 a 
30 0.86 0.76 0.71 0.73 0.58 0.48 0.82 0.82 
40 0.65 0.75 0.63 0.56 0.37 0.25 0.56 0.63 
50 0.74 0.87 0.42 0.49 0.44 0.18 0.70 0.73 
60 0.86 0.76 0.42 0.35 0.25 On 0.51 0.73 
70 0.61 0.80 0.17 0.28 0.28 0.07 0.46 0.31 
80 0.60 0.56 0.17 0.17 0.12 0.04 0.35 0.24 
90 0.54 0.52 0.08 0.11 0.07 0.04 0.29 0.24 
100 0.39 0.37 0 0.06 0.06 0 0.24 0 
110 0.37 0.31 0 0.06 0.04 0 0.10 0) 
120 0.05 0.25 0 0.06 0.03 0 0.04 0 
130 0.23 0.24 0) 0.05 0.05 = 0.10 = 
140 0.05 0.16 0 0.12 0.04 == 0.05 a 
150 0.09 0.18 0) 0.04 0.03 = 0 == 
160 0 0.11 0 0).04 0.04 aa 0.01 aaa 
170 0.09 0.08 0 0.04 0.03 = 0 == 
180 0 0.12 0 0.04 0.04 == 0 PS 


“ All data were obtained with apparatus for removing charged particles except 
for experiments | to 4 inclusive, 


« 


ADHESION OF DROPS AND PARTICLES TO SOLID SURFACES. I 269 


Aerosol Stearic Acid Paraffin Wax 
Expt..No...5.: 9 10 11 12 13 14 15° 16° 
Radius ().... 1.1 1.1 1.1 1.1 1.4 1.8 rig It 
Vo (cm./sec.).. 11.6 8.7 16.1 26.3 11.6 11.6 11.6 11.6 

6 (degrees) 

0 1.0 1.0 1.0 120 1.0 150 1.0 1.0 

2.5 — — 0.85 — — 

5 0.91 1.02 0.65 0.91 

10 0.76 0.84 0.61 1.01 0.96 0.87 1.02 0.95 
1h} 0.52 0.838 — — 

18 — 0.90 
20 0.45 0.79 0.62 0.80 0.65 0.73 1.00 0.63 
25 — 0.86 — 0.94 

30 0.38 0.63 0.57 0.62 0.69 0.41 0.92 0.47 
40 0.17 0.43 0.53 0.63 0.38 0.36 0.71 0.32 
50 0.14 0.31 0.43 0.29 0.23 0.23 0.45 0.37 
60 0.14 0.30 0.19 0.22 0.23 0.41 0.48 0.16 
70 0.05 0.26 0.10 0.19 0.08 0.23 0.29 0.16 
80 0.02 0.16 0.05 0.10 0.12 0 0.22 0.10 
90 0) 0.04 0 0.02 0.08 0 0.10 0.05 
100 0 0.04 0) 0 0 — 0.06 0 
110 0 0.02 — 0 — _ 0 0 
120 0 0.03 = = — = 0 aa 
130 — 0.04 = = 
140 — 0 == = = — ae ar 
150 = 0 = == 
160 = 0) ss ae 
170 = = = —- 
180 = — = a ez 


> Cylinder treated with silicone fluid. 
¢ Cylinder dipped in glycerol. 


were collected on an untreated cylinder without attempting to remove the 
charged particles beforehand, largely because of the difficulty of collecting 
any at all when the charged particles were removed. The deposit was 
viewed under a microscope, and particles were seen to leave the surface 
when clean air was drawn past the cylinder. This effect was quantitatively 
assessed in the following manner. Lycopodium spores were deposited on a 
cylinder at a stream velocity of 17.4 cm./sec. The deposit was assessed as 
above. Clean air was drawn past the cylinder for a specific time at the 
same velocity and in the same direction as used for collecting. The deposit 
was reassessed. This procedure was repeated several times. All of the ex- 
posures to the clean air were for 1 min. except the last, which was for 5 min. 
In a second experiment the above procedure was repeated except that the 
velocity of the clean air flow was increased for each new exposure, which 
lasted 2 min. The collection velocity was 5.8 cm./sec. 


Ill. ExperRIMENTAL RESULTS 


Most of the experimental results are given in Table I, and typical ex- 
amples of the data are illustrated in Figs. 2,3, 4, 5, and 6. Since the deposits 
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@— Normal spray 


© — Charged particles 
removed 


(a=1.8y) 


0 50 100 
6, degrees 


1.0 
@® — Normal spray 


O— Charged particles 
removed 


a=0.23 (a= 1.0) 


0: 50 100 150 
6, degrees 


Fic. 2. The distribution of stearic acid particles collected on a 150-u radius steel | 
cylinder. The plotted lines were calculated for the ‘slippage coefficients” as indi- | 
cated. (Vo = 20.4 cm./sec.) 


on the cylinders were symmetrical with respect to the direction of the 
aerosol stream, the results for corresponding angles on either side of the | 
cylinder were averaged; the results in Table I are the results so obtained. 
Figure 2 illustrates the deposits observed with and without the use of 
electrodes for removing electrically charged particles from the stream. 
Figure 3 illustrates the effect of surface treatment of the cylinder upon the } 
distribution of the collected particles. It should be mentioned that in the | 
case of the glycerol-treated cylinder the data given refer only to that part 
of the surface between the globules of glycerol. Figure 4 illustrates the 
difference in the deposits collected at different flow rates, and Figs. 5 and 6 
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1.0 S @ 


O-— Untreated cylinder 


@— Silicone coated 
cylinder 


6, degrees 


O=> Glycerol coated 
cylinder 


a=0 


oj 
! 
: 
| 
1 


=— 
a=0.34— ~*~. 6 
o~™ 


() 


6, degrees 


Fig. 3. The distribution of 1-u paraffin wax particles collected by a 150-» radius 
steel cylinder. (Vy = 11.6 cm./sec., and the charged particles were removed. ) 


illustrate the results obtained in the subsidiary lycopodium spore experi- 
ments. The effect illustrated in Fig. 5 has not been observed for any other 


aerosol particles. 


IV. ANALYSIS OF THE RESULTS 


In a previous article (3) the effective radius of a cylinder, Res , for the 
interception of aerosol particles in the absence of electrical effects was 


given as 


i 
Ress = (x + (0 ios a) sin 05, [1] 
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O=— Y, =5.8 cm./sec. 
@— V,=20.4 cm./sec. 


U 
0 50 100 
6, degrees 


Fic. 4. The distribution of uncharged 1.8-» radius stearic acid particles collected 
by a 150-u radius steel cylinder at different flow rates. 


40 


Olnitial 
x After 1 min. exposure 
@ After 3 min. exposure 


a After 8 min. exposure 


Number of spores 


O x0x—00 | 


6, degrees 


Fia. 5. The effect of clean air at the collection velocity upon a deposit of lycopo- 
dium spores on a 150-u radius steel cylinder. 


where & denotes the cylinder radius, a is the particle radius, and @ is the | 
greatest angle measured from the direction of the air flow at which aerosol 
particles are intercepted. The number of particles, n/ em., deposited in a 
small are at an angle 6 would be given by 


nN = N Cos 8, [2] | 


Where m denotes the number of particles/cem. deposited in the same small | 
arc at 6 = 0. Equations [1] and [2] are based on the assumption that all 
the particles which graze the cylinder adhere to it. The unpublished analysis 
of filtration data referred to previously suggests that if this assumption were 
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Number of spores remaining 
Initial number of spores 


1.0 2.0 3.0 


Air velocity 
Velocity of collection 


Fig. 6. The removal of collected lycopodium spores by clean air. 


not valid, 6) would be reduced for a fraction 1 — f of the particles and the 
reduced angle # may be interpreted as the angle where “shppage”’ begins. 
Hence 


n = nm cos 6, 0< %: [3] 


n = fno cos 0,0 > 0. [4] 


The presence of an essentially uniform deposit of particles on the cylinder 
at angles of greater than 90 degrees has been interpreted as due to diffusion 
or electric effects. The presence of such a deposit alters Eqs. [3] and [4] to 


n = (m — np) cos6 +p, 6 < %; [5] 
n = f(m — nv) cos 6+ fnn, 49> 06 , [6] 


where 7p is a constant and denotes the number of particles deposited at any 
angle greater than 90 degrees. In most cases np was very small and could 
be neglected. 

The “slippage coefficient”’ a, defined as the fraction of the contacts of the 
aerosol particles with the cylinder which are not effective, is given by 


aes, (ive) sin 165) 7] 


The values of the “slippage coefficient” determined from the experi- 
mental data are summarized in Table II. Figure 7 illustrates the variation 
of a with velocity for uncharged stearic acid particles of 1-4 radius and an 
untreated cylinder of 150-« radius. The use of Eqs. [1] to [7] is based on 
the assumption that inertial deposition is a very minor factor. The results of 
previous work (4, 5) indicate that under the conditions of the present ex- 
periments such an assumption is valid. No attempt was made to analyze 
the lycopodium spore experiments. 


two 
“NI 
ws 
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TABLE II 
Summary of the Slippage Data 
Aerosol 2% ane J Ge anes & Pee a 

Stearic acid? ied Byes) — | 0.05 — 0 None 
Stearic acid Loi 5.8 — | 0.10 — 0) None 
Stearic acid? 1.8 20.4 0.77 0 8 0.20 None 
Stearic acid iL tl 20.4 0.75 | 0.04 5 0.23 None 
Stearic acid Ie ak 20.4 0.5 | 0.04 4 0.47 None 
Stearic acid 1.8 20.4 0.4 0) 8 0.52 None 
Stearic acid til 5.8 — | 0.08 — 0) None 
Stearic acid 1.8 5.8 — 0 — (0) None 
Stearic acid etl TAG: 0.44 0 10 0.46 None 
Stearic acid al oth OFS aOR O2 30 0.25 None 
Stearic acid aah 16.1 0.67 0) 2 0.32 None 
Stearic acid Ls il 26.3 0.46 0 35 0.23 None 
Paraffin wax Isl 11.6 0.44 0 25 0.32 None 
Paraffin wax 1.8 11.6 0.55 0 15 0.33 None 
Parafin wax ih il 11.6 _ 0) — 0 Coated with sili- 

cone fluid 
Paraffin wax thet 11.6 0.48 | 0 20 0.34 | Dipped in glye- 

erol 


« Aerosol from the normal spray. In all other cases the apparatus for removing 
electrically charged particles was operating. 


Slippage coefficient 


1.0 


eee Equation 21 


0 10 20 30 
Vo, cm./sec. 


Fig. 7. Variation of the ‘slippage coefficient”? with velocity for uncharged 1-p 
radius stearic acid particles. 


V. Discussion or THE ExpERIMENTAL RESULTS 


The results of these experiments are apparently compatible with the 
hypothesis that not all aerosol particles adhere to solid surfaces on contact. 
Figure 2 indicates that the presence of electric charges on some of the par- 
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ticles enhances their chances of adhering to the cylinder on contact. Figure 
3 indicates that a particular surface may be treated in such a way as to 
increase the chances of adherence on contact. It is believed that treatment of 
the blue steel cylinders with silicone fluid DC 1107 rendered the surface 
more oleophilic. The contact angle of the molten wax particles was smaller 
on the treated surfaces than the untreated. This is in agreement with the 
greater ease with which the wax particles were captured. Treatment of the 
steel cylinders by dipping them in glycerol had no apparent effect on the 
portion of the cylinder surface which was not covered with glycerol globules. 
Very few particles were observed on the surface of these globules, but this 
aspect of glycerol treatment was not investigated owing to the many un- 
controllable factors which might be involved. 

Figure 7 indicates that at very small velocities the chances of “slippage” 
occurring are small. Nonadherence becomes more apparent as the velocity 
is increased, and there is a tendency for it to decrease at large velocities. 
This is the same effect that was revealed in the unpublished analysis of 
filtration data previously mentioned. In the following section a brief sum- 
mary of that analysis is given. 


VI. ANAtysis oF Finrration Data 
1. Calculation of the ‘Slippage Coefficient” from Filtration Data 


The method of calculating the “slippage coefficient” for a given experi- 
ment was as follows. First the true index of filtration, Avo , was calculated 


from 
Az = —In Pe [8] 


where P denotes the penetration of a homogeneous aerosol expressed as a 
fraction. Since Az» is proportional to the probability of a particle’s being 
captured when an aerosol stream passes a single fiber (3) 

cs Axo G 

CSE Ax’ [9] 
where Az is the index of filtration to be expected on the basis that all of the 
particles which graze the fibers in the filter adhere. For Ax a value was 
calculated in each case from previous results (3) based on the concept of an 
ideal filter. Although such a procedure might not yield numerically correct 
values of the ‘‘slippage coefficient,” the relative differences in this quantity 
for different materials should be real. The expression previously developed 
(3) for Ax neglects inertia effects, and since much larger velocities were to 
be considered in this study, it was necessary to modify the expression to 
include possible inertia effects. Previous work (6, 7, 8, 9, 10) would suggest 
that the effective radius of a fiber for the deposition of aerosol particles by 
inertia alone is given at low Reynolds numbers by 


: y Py Gala 
Rss Gnertia alone) = Ci 9° oe — Cy [10] 
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where p and a denote the particle density and radius, respectively. m is 
the viscosity of air, and Vo is the mean velocity of the air flow through the 
filter. C, and C2 are constants for the values of pa’ Vy considered. The values 
of C; and C, proposed by previous workers are not consistent. The latest 
work (8) suggests that C, = 0 and C; = 0.04. Using these values 


PS hl. eee kT ee) ( =| 
ar = G[R +a reat (aay t n eos a) 


L = the total length of fiber in the filter. 
A = the cross sectional area of the filter. 
Rk = the mean fiber radius. 
k = Boltzmann’s constant. 


1.0 


Lt 


0.5 


Slippage coefficient 


0 40 80 120 
Vo, cm./sec. 


Fig. 8. Variation of the “slippage coefficient”? with velocity illustrating the dif- 
ference in behavior of D.O.P. and sulfuric acid aerosols (a = 0.15 »). Points @ and 
O refer to data calculated from the filtration results of Ramskill and Anderson for a 
viscose filter and for D.O.P. and sulfuric acid aerosols, respectively. The full lines 
were plotted using Hq. [21] and the constants given in the text. 
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T = the temperature. 
C = Cunningham’s constant. 
\ = the mean free path of air. 
vy = a factor depending upon the mean distance between the filter 
fibers. 
The methods of calculating y, R, and L have been given previously (8, 7, 11). 

A typical result of calculations using Eqs. [9] and [11] is given in Fig. 8 
and illustrates the difference in behavior of dioctyl phthalate and sulfuric 
acid aerosols observed by Ramskill and Anderson (1) for a viscose filter. 
The data required to calculate Ax for these and other experiments were 
kindly supplied by Dr. E. A. Ramskill. 

A comparison of Fig. 8 with the results obtained in studying the deposi- 
tion of particles on a single cylinder (Fig. 7) indicates that in both cases 
the chances of nonadherence on contact appear to be restricted to a range 
of velocities below and above which adherence is more likely. When all of 
che filtration data for the experiments which have been reported were 
analyzed the same phenomenon was observed. In Figs. 7 and 8 the solid 
lines were plotted from a semiempirical theory of the effect developed to 
facilitate further research. An abridged and simplified version of the con- 
siderations leading to an experimental expression for ‘‘slippage’’ follows. 


2. The “Slippage Coefficient” 


Consider a spherical aerosol particle of radius a which has come in contact 
with a filter fiber of radius A, as illustrated in Fig. 9. Without suggesting 
the mechanism responsible for the lack of adhesion we may say that the 
particle (or a drop) will be removed from the surface of the fiber just after 
contact if 

the viscous drag 

Zale [12} 


where F’, denotes the force of adhesion, and o is a constant. Assuming that 


Air drag 


> dz 


2R, —> 
Fig. 9 Fia. 10 
Fra. 9. An aerosol particle in contact with a filter fiber. 


Fra. 10. A flattened spherical particle on a flat plate. 
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the velocity near the fiber is given by the solution of the viscous flow equa- 
tions (7) and the drag is given by an approximate use of Stokes’ law, the 
angle 9 above which particles would be removed on impact is given by 


Cs Vo sin 05 = ol’, [13] 
6rna 
where C, = 15(1 —6)¢ eG 
(1 ‘i > [14] 
jeer ay 
: E _ ars + 2 cos (1 + a: 
ae d [15] 


2 3 
—ng +28-£ 5 


and 8 is the packing density (8). Since the effective radius of the fiber is 
proportional to sin as 


[16] 


Equation [16] should give the correct value of the slippage coefficient 
provided all parts of the fiber were similar and electrical effects were absent. 
In practical cases neither of these conditions would be strictly fulfilled. 
Examination of filter fibers which had been exposed to aerosol particles 
indicated spots where there was a tendency for the particles to accumulate 
in some cases. The particles were not removed by rather rough handling of 
the fibers. We may therefore suggest that in a practical case a fraction, f, 
of the contacts between aerosol particles or drops and filter fibers are 
always effective, regardless of the velocity of impact. This is in approximate 
agreement with the results obtained in the study of the deposition of par- 
ticles on a single cylinder (Table IL). The slippage coefficient which would 
be determined experimentally is given by 


ee (1 - 2a) [17] 


To apply this expression to slippage data from filtration experiments or 
other sources it was essential to determine F’, and particularly the manner 
in which it varies with the velocity of impact. 


3. The Force of Adhesion 


If a < R, the adhesive force between a spherical particle or drop in 
contact with a cylindrical fiber may be calculated by considering the force 
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between a flattened particle and a flat plate, as illustrated in Fig. 10. With 
the method of Bradley (12) and Hamaker (13) /'4 was calculated on the 
basis that the attraction was due to Van der Waals forces and the force 
pulling a single molecule to the plate from a distance r was C;/r*. The 
result was 


5 s° 2a’—h-+r 9 


Pa = 20sNi| “ +1843] ; [18] 
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where N, is the number of molecules in unit volume of the drop or particle 
and 7 denotes the shortest distance between the molecules of the drop or 
particle and the flat plate which are in contact. The other symbols are 
illustrated in Fig. 10 and 6 = a’ —h-+17.For 7 K 2a’ —handhXKa’ 


2 
oe ae is at [19] 


where Rz is the radius of the circular area of contact (Fig. 10). If e4 is the 
energy of adhesion per unit area of contact, 


" ( =) 
F, = 67re,a| 1 + — }. [20] 
3aro 

The force of adhesion therefore depends on the velocity of impact, in as 
much as the velocity of impact would affect the area of contact. This ques- 
tion is discussed in detail in the second article of this series, where the 
mechanism responsible for the lack of adhesion is considered. In applying 
Eq. [20] to slippage data it was found that all the results were in agreement 
with the hypothesis that R- was proportional to Vo. This leads to 


sao-nfi- eG) 
where V,, denotes the velocity at which slippage is a maximum. This is the 
equation from which the data for the solid lines in Figs. 7 and 8 were cal- 
culated. In Fig. 7 Vm = 26 cm./sec., f = 0.45, and 6re,ac/Cy = 4.5. In 
Fig. 8 for the D.O.P. aerosol Vn = 55 cm./sec., f = 0.2, and 6re,ac/C, = 
2.1; for the sulfuric acid V,, = 9.4 em./sec., f = 0.1, and 67e4,a0/Cy = 0.26. 


4. Discussion 


The values of V» , f, and 6re,a0/C, for the data available on the filtration 
of aerosols produced in La Mer-Sinclair generators have been included in 
an unpublished British Ministry of Supply report. They have not been 
reproduced at this time, since the filtration experiments were not designed 
to investigate the possibility that drops and particles do not always adhere 
to filter fibers on impact, and in consequence the data, although encourag- 
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ing, are far from being complete. Since La Mer-Sinclair generators are in 
operation in many laboratories, it is to be hoped that appropriate steps will 
be taken to fill these gaps in the future, since such results would be of in- | 
terest in other physical chemical problems where the impact of drops and | 
particles with surfaces may not always result in adhesion. | 


VII. SumMARY 


| 
1. The deposition of particles on the surface of a thin cylinder exposed | 
to a low-velocity aerosol stream has been studied. The experimental results | 
may be interpreted if we reject the common assumption that aerosol par- 
ticles always adhere to surfaces on contact. 

2. The presence of electric charges on some of the aerosol particles en- | 
hances their chances of adhering to a surface. 

3. Coating of a cylinder may affect the chances of specific aerosol par- | 
ticles’ adhering to it. 

4. Many of the discrepancies between the actual performance of filters 
and that which would be expected from theory may be rationally explained 
by taking into account the possibility that not all the particles or drops 
which graze the surface of the fibers adhere. 

5. Nonadherence on impact would appear to be limited to a range of 
particle or drop velocity and to depend upon the physical properties of the | 
drop or particle as well as the collecting surface. | 
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I. InrRODUCTION 


In the first article of this series (1) evidence was presented which indi- 
cated that many of the anomalous results which have been obtained in 
studies of the filtration of aerosols by fibrous filters may be explained on 
the basis that the drops and particles do not always adhere to the filter 
fibers on contact. An experimental study of the distribution of particles 
deposited on a cylinder exposed to an aerosol stream and an analysis of all 
the filtration data available led to the conclusion that there is usually a 
range of particle and drop velocities where there may be a lack of ad- 
hesion. Both above and below this range adhesion occurs on contact. In 
studying the effects of turbulence on the coagulation of an ammonium 
chloride aerosol Gillespie and Langstroth (2) found an indication of a 
similar process. In “still air” the rate of coagulation was compatible with 
the assumption that the particles adhered on contact. As the degree of 
turbulence was increased the coagulation rate did not increase as would be 
expected, but the aerosol appeared to coagulate less readily. At higher 
degrees of turbulence the rate of coagulation increased rapidly. These results 
are in agreement with the hypothesis that the chance of a particles ad- 
hering to a solid surface is dependent on the velocity of approach and that 
there exists a range of velocities where adhesion on contact is not certain. 
Because of the complex nature of filtration and coagulation experiments 
this evidence which suggests a lack of adhesion is not conclusive; in conse- 
quence we have attempted to examine the conditions under which particles 
or drops would exhibit this interesting velocity effect. 

A detailed examination of the oblique impact of a jet of aerosol drops 
onto a microscope slide and a high-speed photographic study of the impact 
of large drops onto a flat glass surface combined with a semiquantitative 
analysis has led to a deeper understanding of an experimental relationship 
previously derived for the conditions under which adhesion on contact is 
not certain in filtration and other experiments (1). It appears that the 
mechanism responsible for the velocity effects referred to above is as follows. 
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When a particle or drop collides with a solid surface, there is an elastig 
reaction and the apparent area of contact is determined by the velocity off 
impact. The real area of contact is usually less than the apparent and) 
depends upon the maximum pressure on impact. If the aerodynamic shear+ 
ing forces are large enough and the real area of contact small enough, the 
joint will be broken by shear in the case of particles and by a ‘necking’? 
out process in the case of drops. At very small velocities the aerodynamic 
forces are unable to do this, whereas at large velocities the area of contac i 
is sufficiently great to ensure adhesion. This accounts for the fact tha f 
there appears to be a range of velocities in which adhesion does not always 
occur on contact. 

Although the analysis of this complex effect was of necessity rather} 
qualitative, the forces required to remove drops from a flat surface seemed 
to be so small that an attempt was made to measure the force required ta 
detach drops from a solid surface with the aid of an ultracentrifuge. The} 
results indicated that in this case too a “necking” out process occurréel 
and the force necessary to detach a drop was very much less than woul 
be required if this were not so. 


Il. Toe Ostiqgue Impaction or AnRosoL Drops 
1. Apparatus and Procedure 


The apparatus used to investigate the oblique impaction of aerosol drops} 
is illustrated in Fig. 1. The liquid to be sprayed (dibutyl phthalate) was} 
placed in the atomizer. With stopcocks A and B open an aerosol whl 


F — Filter 


| 
Capillary tube 


Fic, 1. Aerosol impaction apparatus, 
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thus ensuring that the liter flask used as an aerosol chamber was filled with 
a dilute, well-mixed aerosol. After closing stopcocks A and B the aerosol 
was allowed to settle for 1 min. Stopcock C was then opened and a jet of 
aerosol drops was pushed out of the horizontal capillary tube at a known 
velocity. The capillary tube normally used was 4 cm. long and 1 mm. 
internal diameter. Tubes up to 10 cm. long were used in check experiments 
without affecting the size distribution of the drops in the jet. The velocities 
used were such that a thin ribbon of apparently uniform diameter was 
extruded for a distance always greater than 5 cm. from the orifice. A 
microscope slide was placed on the inclined plane, which had its central 
portion cut away so that the slide was supported on guides which extended 
1 cm. from each end. The slide was pulled through the jet at a known 
velocity, controlled by a system of elastic bands. The distance between 
the jet orifice and the spot where the jet struck the slide was 2.5 cm. to 
prevent small differences in this distance from affecting the results (3). 
Several samples were often taken on the same slide, side by side. The 
samples were kept sufficiently sparse to prevent one drop’s falling on top of 
another. The total sampling time for a given aerosol was less than 2 min., 
which should have prevented coagulation and surface loss effects from sub- 
stantially changing the aerosol during sampling. Before refilling the 
aerosol chamber for the next test it was thoroughly cleaned by introducing 
a stream of clean compressed air. 

Each deposit obtained by this sampling procedure was assessed using a 
microscope with a 40X objective and a 15x eyepiece and substage illumi- 
nation. The apparent radii of the drops were measured with the aid ofa 
scale in the eyepiece. The mass of a given drop was determined by measur- 
ing the focal length of the lens formed by the drop and calculating the mass 
in a manner similar to that described by May (4). Since it was found that 
there was only a small variation in the focal len gth of the drops of a given 
area of contact regardless of the velocity or angle of impact, it was the 
custom in a good many assessments to measure only the apparent radii 
of the drops and to supplement this with a few focal length observations as 
a check. The nearly constant relation between the focal length and the area 
of contact indicated among other things that the procedure used in cleaning 
the slides, namely, washing in hot chromic acid, rinsing first in distilled 
water, then in acetone, and wiping with a clean cloth resulted in similar 
surfaces for each experiment. The size distribution of the drops in the jet 
was determined as required by trapping a sample in the space between 
two horizontal microscope slides and assessing the sedimented sample. 


2. Experimental Results 


Below a critical velocity depending upon the angle of impaction no aerosol 
drops were collected on the slides. Above this velocity the deposits were 
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thin streaks of width approximately 1 mm. or less. There were no drops 
deposited outside this limit. At small angles of approach of the jet to thé 
slide the drops were large and appeared uniform in size. As the velocit ( 
increased the drop size decreased and the drops still appeared to be unij 
form. Detailed examination of the deposits indicated that they were not as 
uniform as they seemed to be on first inspection, particularly at large veloci} 
ties and large angles of approach. Most of the deposits were, however} 
much more uniform than would be expected on the basis that under 4 
given set of conditions all the particles above a given size in the jet werd 
being deposited. Since the size distribution of the drops in the jet was found 
to be independent of the velocity of the jet, it was concluded that for som d 
reason the probability of capturing drops of a given size at first increasec 
with increase in the jet velocity and then decreased. In Fig. 2 the probability 
of capture of drops of a given size was plotted against the velocity of the 
jet. All of the data for such plots were obtained in experiments in whic 


the velocity of the sampling slide down the inclined plane was the same} 
The probability of capture, p, was therefore defined as | 


_nv! 
n'V’ 

where n denotes the number of drops of the stated size in a given lengt 

of the deposit obtained at a jet velocity V, and n’ is the value of this quan! 


tity at a jet velocity V’, where the maximum in the probability of capture 
versus velocity curves occurs. 


(1) 


! 


Probability of capture 


Jet velocity, cm./sec. 


Fig. 2. Variation in the probability of capture of dibutyl phthalate drops on ob 
lique impact with a solid surface. 
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To determine whether the flow in the jet and particularly whether the 
viscous boundary layer at the surface of the slide was responsible for the 
dips in the plots such as those illustrated in Fig. 2 an attempt was made 
to analyze the flow field by considering the oblique impact of a couple of 
two-dimensional jets. Although for a number of experimental reasons the 
jet actually used was round, the solution of the two-dimensional case should 
be adequate for the present purpose. The flow field was first calculated and 
hence the velocity along the surface of the slide just outside the viscous 
boundary layer on the basis of ideal fluid theory. The flow in the boundary 
layer was then determined. Finally the effect of the moving slide was con- 
sidered. With the technique of Davies and Aylward (3) the trajectory of a 
given drop could be calculated and hence the effect of the air flow deduced 
on the assumption of adherence on contact. Further details are given in the 
appendix. 

The free streamlines and the velocity along the plate just outside the 
viscous boundary layer in a typical case are illustrated in Fig. 3. The 
majority of the drops would be expected to take the left-hand path. In 
this region the viscous drag in the boundary layer increases from zero at 
the stagnation point, rises to a maximum, and then decreases. At low jet 
velocities the thickness of the boundary layer would be considerably greater 
than the diameter of the drops. The effect of the boundary layer is to 
decrease the chances of a given drop’s arriving at the surface of the slide, 
but the effect is small. As the jet velocity increases the effect becomes 
relatively smaller owing to the decrease in the boundary layer thickness. 
The efficiency of collection of drops would always be expected to increase 
as the jet velocity was increased. Owing to the boundary layer the velocity 
of the drops near the slide surface would be of the same order as occur 
near filter fibers in filtration experiments, so there is good reason to believe 
that the dips in curves such as those in Fig. 2 are fresh examples of the lack 


Fic. 3. The free streamlines and the velocity along the microscope slide just out- 
side the viscous boundary layer for a jet impacting at an angle of 45 degrees onto the 


slide. 
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of adherence in a restricted velocity range. Since the experimental necessity 
of using a round jet made any theoretical analysis only qualitatively cor- 
rect and also since the velocity range over which experiments were possible | 
was strictly limited owing either to instability or spreading out of the jet, 
this technique was not further exploited. 

Aside from providing independent evidence of the lack of adhesion of 
drops to solid surfaces on impact this group of experiments showed that | 
since the viscous drag decreased at a distance from the strip deposits and 
no drops were observed outside the strips, the mechanism responsible for 
the lack of adhesion must be such that the drops left the surface at or near 
to the point of impact. This is in agreement with the interpretation of | 
previous results for the deposition of particles on cylinders (1). In an at- | 
tempt to establish the mechanism a high-speed photographic study of the | 
impact of large drops of dibutyl phthalate with the same slides used in the ] 
jet impaction studies was initiated. 


Ill. Tae Osiigur ImpacTION oF LARGE Drops 


Except for the work of Ollivier (5), who considered the collision of large 
drops on a very rough surface, the problem of impaction of large drops onto 
a solid surface has received little attention. It is well known that many 
liquid drops bounce readily from smooth solid surfaces provided the con- | 
tact angle formed by the liquid resting on the solid is large, e.g., mercury | 
drops bounce readily from a glass surface. In our experiments we were | 
more interested in the case where the contact angle is much smaller. | 
Drops of dibutyl phthalate of about 2 mm. diameter were released from an } 


A B 


Fig. 4. The oblique impact of large drops of dibutyl phthalate onto a glass slide. 
Drop diameters were 2.2 mm. and 1.8 mm. in A and B, respectively. The last picture 
in the second column illustrates a drop which was on the glass surface for 10 min. 
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Area of contact (mm?) 
Distance along slide, mm. 


Time, milliseconds 


Fig. 5. Variation in the apparent area of contact and the distance along the slide 
with time for the drops illustrated in Fig. 4. 


_Agla syringe fixed rigidly at various heights above a microscope slide slightly 
inclined to the vertical. At a given height some of the drops bounced and 
some did not. High-speed (about 2000 frames/sec.) photographs were 
taken in a number of cases. Typical results are indicated in Fig. 4, where 
individual frames selected from the cine film have been pieced together. 
It should be noted that the contact angle is less than 90 degrees both for 
drops which adhere and for those which do not. 

In Fig. 5 the apparent area of contact and the distance of the drop 
along the slide from an arbitrary origin are plotted against time for two 
typical drops. Knowing the velocity of a given drop along and toward 
the slide at each stage it was possible to calculate the energy avail- 
able for removing the drop when the area of contact was a maximum. 
The work of adhesion was calculated for the drops which did not adhere. 
The oscillation of the drops prior to impact was so small that this effect 
could be neglected. On the assumption that the real area of contact was 
equal to the apparent the work required to remove the drops was of the 
order of 4 ergs/cm.’, which is surprisingly low. Three things are apparent 
from these experiments: (1) the area of contact depends upon the velocity 
of impact and the drop size; (2) when a drop strikes a surface its area of 
contact might be small for a considerable time; and (8) the real area of 
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contact might be very small presumably owing to air trapped between the | 
liquid and solid surface. This evidence combined with the results of the | 
aerosol experiments suggests a mechanism for the lack of adhesion of aerosol 
drops and particles in a restricted velocity range. 


IV. Tur Lack or ADHESION oF AEROSOL Drops AND PARTICLES 
1. Normal Impact 


The normal impact of spherical particles with a flat solid surface is the | 
easiest case to discuss, and it will be treated first because, although even | 
it cannot be treated rigorously, the important factors operative can be | 
described in a fairly satisfactory manner. | 

When a particle comes in contact with a solid surface in the absence of | 
external forces, it will be deformed and may bounce if the energy stored in | 
the deformation is greater than the energy of adhesion. If the radius of | 
the area of contact of a particle or drop with a smooth flat solid surface is | 
R, it has been shown (1) that provided R, is small in comparison with the 
radius, a, of the drop or particle, the force of adhesion is given by 


Fy = Oneaa(1 + a [2] | 
3aro 

where 7’, denotes the force of adhesion. «4 is the surface energy of ad- | 
hesion/cm.’ of contact and 7 is the distance between the molecules of the | 
drop or particle and the solid surface which are in contact. Equation [2] 
is based on the assumptions that the attraction is entirely due to Van der 
Waals forces and that the solid surfaces are perfectly smooth. While this 
second assumption is unlikely to be true in actual practice, Eq. [2] should 
be qualitatively correct and adequate for the present purpose. The energy 
of adhesion, #4 , which will determine whether a particle will bounce on 
impact, is given by 


Ey = 6rearnna + weak. [3] 


If the energy of deformation during the contact process is greater than 
E4 , the particle may bounce. 

For a solid spherical particle impinging normally with velocity V; on a 
flat solid surface under conditions in which Hertz’s theory of impact ap- 
plies (6) 


pine Z 1.75p""(K, a Ki) evs, [4] 
where p is the density of the particle. 
= ee 1— V1 1—- V2 
Ky = B, and Ky = Bs [5] 
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TABLE I 

Normal Impingement of Spherical Quartz Particles on a Flat Quartz Plate 

x Ae Kemax ine cacrey Energy sot adbesion 

(u) (cm./sec) (n) (ergs) (ergs) 
2.0 0 0 0 6.8 
2.0 1 1.8 0.045 6.8 
2.0 10 4.5 4.5 6.8 
2.0 100 sil se} 450 6.8 
0.5 1 0.45 0.0007 Wee 
0.5 10 TIL 0.07 Ss 
0.5 100 2.8 HD iN 7. 
0.25 1 0.22 Sala Ome. 0.85 
0.25 10 0.55 0.0087 0.85 
0.25 100 1.4 0.87 0.85 


where 2 , v2 , and B,; , B; , are the Poisson ratios and the moduli of elasticity 
in tension of the particle and the surface, respectively. R,,,,. in Eq. [4] 
denotes the radius of the area of contact at maximum compression. There 
is a possibility that a particle of mass m will bounce if gravity can be 
neglected and 


lomV; > Hs ; [6] 


where FE, is calculated from Eqs. [3] and [4]. For a quartz particle (spherical) 
impinging on a quartz plate taking By = B, = 6 X 10” dynes/cm.’, 
Ve = v = 0.2, and e, = 30 ergs/cm.’ (7), the results of caleulations are 
given in Table I. 

In filtration experiments it is often the practice to use particles which 
may not obey Hertz’s theory of impact (6). In order to assess the behavior 
of such particles small spheres of “Q”’ compound (similar to plasticene) 
were dropped from various heights onto a horizontal microscope slide. The 
radius of the apparent maximum area of contact was determined by measur- 
ing the diameter of the flattened portion of the sphere or the stain left on 
the glass surface. A typical result is illustrated in Fig. 6. The straight line 
was calculated from 

Re = kR Vv" [7] 
where k = 0.007. Taking «4 = 30 ergs/ cm.’ as before, the results given in 
Table II were calculated. 

It would seem that bouncing after normal impact may occur for suffi- 
ciently large values of the kinetic energy of approach. In practical cases 
the results obtained would be affected by surface contamination, which 
may either increase or decrease the energy of adhesion. The irregularity 
of the surfaces must also play a part by reducing the real area of contact. 
At maximum compression during impact the real area of contact should be 
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proportional to the apparent area multiplied by the maximum pressure} 
(8). Hence using Hertz’s expression for the maximum pressure (6) | 


Real R?2,.. « p(Ki + K2)"R'V7. [8] 


Cmax 


In the event that a particle did not bounce, there would almost certainly 
be a partial joint fracture by elastic effects (9) which would depend upo ' 
V7, so that correcting Eq. [2] for these effects | 


We iGreno(let LG y (91) 


where G is independent of the velocity of impact but may depend upon} 
the radius of the particle, etc. This expression for the force of adhesion is} 


similar to that previously derived semiempirically in describing the lack off 


adhesion of aerosol particles on contact with filter fibers and other cylinders} 


(1). 


not seem likely that bouncing alone is responsible for the velocity effect | 
previously described, as there is no apparent reason why there should be at 
lack of adhesion in a restricted velocity range if this were the only mecha- 


(e} 
0.3 
re) 
.e) 
ee 
re) ce) 
0.2 
fe) 
ms 5 X xX 2 
5 oO (oy Je) 
— 
no a O a-0.5 cm. 
Ox x a=-0.4 cm. 
0.1 x @ a-0.13 cm. 


0 10 20 30 40 : 
azV,4/5 


: Fia. 6. Illustration of the proportionality between Remox and a2V;? for particles o 
Q”’ compound. 
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f + TABLE-II 
Normal Impingement of Spherical Particles of ‘‘Q”’ Compound on a Flat Glass Plate 
Kinetic energy Energy of adhesion 
a Vi R max 

(uw) (cm./sec.) la : (ores) ores) 

2.0 1 One 0.034 34 

2.0 10 , 0.43 3.4 180 

2.0 100 1.08 340 1100 

0.5 1 0.042 ; 5.2 & 10-4 3.4 
0.5 10 0.11 0.052 133,33 
0.5 100 0.27 5.2 71 


nism operating. In the presence of external forces such as viscous aero- 
dynamic drag, however, the tendency to bounce would greatly facilitate the 
chances of the particles’ escaping adhesion. In view of the fact that the 
area of contact of drops depends upon the velocity of impact and the real 
area of contact is often less than the apparent, it is not unreasonable to 
suspect that similar considerations apply to drops as well as particles. 

Without suggesting a definite mechanism Gillespie (1) found that the 
lack of adhesion of drops and particles to filter fibers and other cylinders 
could be attributed to the viscous drag parallel to the surface of the fibers 
and the chances of nonadherence were greatest for oblique impact. In the 
next section the meaning of his semiempirical equations is discussed, and 
it is shown that the experimental expression which was used to interpret 
filtration results (1) is in qualitative agreement with aerosol impaction 
experiments and the ideas expressed above. 


2. The Oblique Impact of Aerosol Drops and Particles in the 
Presence of a Viscous Drag 


Most of the mechanisms which might be expected to account for the lack 
of adhesion of aerosol drops and particles on impact at solid surfaces may 
be neglected. In view of the fact that in the impaction studies of Section II 
both the velocity along the slide and the viscous drag at the surface de- 
creased as the distance from the strip deposits increased, the absence of 
drops outside the strip of width equal to that of the jet rules out electric 
forces and movement of the drops along the slide as major factors. Electric 
effects may, however, be responsible for some of the scatter illustrated in 
Fig. 2. The possibility of a complete air film’s acting as a cushion can also 
be disregarded. The breaking of this film would be expected to be a statisti- 
cal process, and hence some drops would have been observed outside the 
limit actually determined. This effect is more important in media of higher 
viscosity than air, and an independent investigation of it is currently in 
progress. Calculations indicate that it may be partially responsible for the 
fact that there is a critical velocity in aerosol impaction experiments below 
which no drops are collected. The vibration of the drops prior to impact as 
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described by Ollivier (5) may contribute to the scatter of data as illustrated 
in Fig. 2, but in view of our photographic studies it would not be expected 
to be a major factor. 

A common feature of filtration, coagulation, and aerosol impaction 
studies is that the drops and particles are subjected to a viscous drag 
continuously throughout the process of impact with a solid surface. Once 
the base of the drop or particle was arrested, the full force of the air drag 
aided by distortion and vibration due to impact may detach drops by a 
“necking” out process or particles by a peeling action. 

The equation of motion of a drop or particle parallel to a solid surface 
at contact is approximately 


moa = 6rna(V, — u) — friction, [10] 
where u denotes the velocity of the drop or particle along the solid surface 
and m is its mass. V, denotes the velocity of the air parallel to the solid 
surface at distance a. Figure 4 indicates that at the perimeter of the area 
of contact of a drop there is likely to be real contact between the drop and 
the surface. The frictional force retarding the base of the drop would be 
given approximately (10) by 


Friction = 2ys:R., [11] 


where yg, is equal to or greater than the work of adhesion calculated in 
the usual manner from the contact angle depending upon the surface rough- 


ness. Hence 
= _ 2ys. hk. 7 6r7nat 
uve Dae E exp ( = A; [12] 


On this basis the bottom of a drop of small mass would be arrested very 
quickly for small values of V.. 

Once the velocity of the base of a drop or particle was relatively small, 
a “necking” out process or a peeling action would occur, provided the 
viscous drag was greater than or equal to a certain fraction, o, of the force 
of adhesion. Using Eq. [9] drops or particles would not be expected to ad- 
here to a solid surface on impact if 


6rnaV, > o[6re,a(1 + GV7)]. [13] 


This is practically identical with the experimental relationship previously 
found (1) to be descriptive of the lack of adhesion of aerosol particles and 
drops to filter fibers in a restricted velocity range, the only difference 
being that empirically the total velocity of the drop or particle which in 


ADHESION OF DROPS AND PARTICLES TO SOLID SURFACES. II 293 


TABLE III 
Typical Values of the Coefficient of Adhesion in Shear on Impact 
Aerosol Collecting ceA a” Type of 
surface X 105 X 106 experiment 
(ergs/cm.?) 
Dioctyl phthalate Glass 34 iLaligll Filtration 
Dioctyl phthalate Viscose 200 0.83 Filtration 
Sulfuric acid Viscose 0.67 0.22 Filtration 
Stearic acid Steel 2.1 27 Deposition on a Cylinder 


* Calculated assuming «, = 30 ergs/cm.? 


practical cases is nearly equal to V, should replace V; , the normal velocity 
of impact. There may be a number of reasons for this, one of which being 
that the fibers are curved and another that relative motion of two surfaces 
in contact might increase their adhesion (11). 

With the use of the results of calculations described in the appendix 
it is possible to derive an inequality similar to Eq. [13] which gives a 
qualitative explanation of aerosol impaction results, such as illustrated in 
Fig. 2. 

Typical values of o, which might be termed the ‘“‘coefficient of adhesion 
in shear during impact,” calculated from filtration data and the results of 
measuring the position of aerosol particles deposited on a cylinder exposed 
to an aerosol stream (1) are given in Table III. Even considering the qualita- 
tive nature of our arguments the values of o are small, indicating that when 
a “necking” out process or a peeling action occurs, the force required to 
detach a drop or particle from a solid surface is small. To investigate this 
further we tried to measure the force for dibutyl phthalate drops on glass 
using a centrifuge. 

1.0 


Fraction removed 
fo) 
oi 


0 5 10 15 
Apparent radius, microns 


Fic. 7. Detachment of dibutyl phthalate drops from a glass surface using a cen- 
trifugal force of 400 g. 
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V. MEASUREMENT OF THE ForcE OF ADHESION 


Dibutyl phthalate drops collected on a small glass slide by sedimentation 
were placed in an ultracentrifuge and the number removed under various 
conditions determined. Typical results are illustrated in Fig. 7. The radii 
of the drops were determined by the technique described above. The 
results of Fig. 7 were obtained with the centrifugal force acting as nearly 
as possible normal to the surface of the glass, although owing to the slight 
vibration of the rotor there was some doubt as to its actual direction. For 
our present purposes this is not really important. 

We may conclude that (1) not all the drops of the same mass are removed 
at the same rate; this was true regardless of the area of the slide chosen for 
assessment. (2) The number of drops of a given size removed from the 
surface depends upon the time the centrifugal force acts. (3) Since the ap- 
parent radii of contact were found to be proportional to the radii of the 
equivalent spheres to which the drops were equal in volume, we would 
expect plots such as illustrated in Fig. 7 to be linear if Eq. [2] were to 
apply. The curvature of these plots increased with the length of the interval 
between collection and testing in the centrifuge. As a microscopic assessment 
was necessary before testing, this interval was generally greater than 20 
min. For this reason and also because the assumptions leading to Eq. [2] 
are likely to be more valid when R, « a, which was not the case in these 
centrifuge experiments, Eq. [2] is probably qualitatively correct when 
applied to the problem of detachment on impact as above. 

Some idea of the actual force required to detach drops as compared to 
that calculated from Eq. [2] on the assumption that the real area of contact 
is equal to the apparent may be obtained on inspection of Table IV. 
Centrifuge experiments with large drops of the order of 2-mm. diameter 
indicated that one or a number of very small drops were left behind on 
detachment of the major part of the drop. Such remnants would have 
been too minute to detect in the experiments with small drops. This suggests 
that not all of the bonds at the surface are broken simultaneously and that 


a “necking” out process occurs, which accounts in part for the small forces 
required for detachment. 


TABLE IV 


Comparison of the Force Required to Detach Dibutyl Phthalate Drops from a Glass 
Surface Experimentally and the Calculated Force of Adhesion 
(eg = 30 ergs/cm.? and 79 = 6 X 1078 cm.) 


Force of adhesion (dynes) 


a Re Pp 

(mu) (nu) Calculated Experimental See 
6.8 15 7100 Dec Om 80 
1.4 
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VI. Discussion 


In the present study the role played by the particle or drop velocity has 
been emphasized, whereas the effect of the size of a particle or drop on its 
chances of adhering on impact onto a solid surface has received little 
attention. Any attempt to obtain further information on the effect of par- 
ticle or drop size using impaction or deposition experiments (1) would be 
difficult particularly for small particles or drops. There is a good chance 
that such information could be obtained in carefully planned filtration 
experiments. 

The present article combined with previous work (1, 12) represents an 
attempt to establish a working theory for the interpretation of such experi- 
ments. The attitude adopted has been that whereas the concept of an ideal 
filter (12, 13) as a basis for the discussion of the filtration process may not 
lead to numerically correct results, it should be possible to trace the effect 
of the individual variables, including electric effects and the possibility that 
aerosol particles or drops do not always adhere to the filter fibers on con- 
tact. To describe this last effect we may say (1) the slippage coefficient a is 
given by 


! (Ewha ; 
yna 


where y is a function of the packing density (1), R is the fiber radius, and 
_ f is the fraction of the aerosol particles or drops which would adhere on 
impact regardless of the velocity. Vo , is the mean velocity of the air through 
the filter. f and G’, which is related to the proportionality constant between 
the real area of contact of a drop or particle on impact onto a solid surface 
and the square of the velocity of impact (Eqs. [8] and [9]), would be difficult 
to determine from theory. Provided electrical effects are small and filtra- 
tion measurements are made under conditions where diffusion effects are 
negligible, it should be possible to determine G’ for various aerosols, since 
it is equal to 1/V;, , where V,, is the velocity at which slippage is a maxi- 
mum in any particular case (1). La Mer-Sinclair homogeneous aerosols are 
particularly suited to such experiments, and if the same care were taken in 
preparing model filters as has been taken in producing these test aerosols 
(14), there is good reason to expect interesting results. In such studies the 
working theory which has been developed should be of considerable help. 


WANE SUMMARY 


The results of a study of the oblique impaction of aerosol drops onto a 
solid surface may be interpreted on the hypothesis that there is a range of 
velocities of impact in which adhesion on contact is not certain and that 
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the drops leave the surface at or near the point of impact. A high-speed 
photographic study of the oblique impact of large drops onto a solid surface 
has revealed that there is an elastic reaction on impact and (1) the area of 
contact depends upon the velocity of impact and the drop size; (2) when a 
drop strikes a surface, the area of contact might be relatively small for a 
considerable time; and (3) the real area of contact might be very small, 
presumably owing to air trapped between the liquid and solid. 

Using Hertz’s theory of elastic impact and introducing a qualitative 
correction for the possibility that the real area of contact may be less than 
the apparent led to a deeper understanding of the experimental expression 
previously presented for the lack of adhesion of aerosol drops and particles 
in filtration and other experiments. The lack of adhesion is attributed to the 
air drag which acts throughout the contact process and aided by the 
tendency to bounce removes drops by a necking out process and particles 
by a peeling action. At low velocities the air drag is not large enough to 
detach drops and particles on impact, and at large velocities the real area 
of contact is large enough to ensure adhesion. This accounts for there being 
a range of velocities in which adhesion on contact is not certain, whereas 
adhesion occurs above and below this range. 
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APPENDIX 
The Oblique Impact of a Two-Dimensional Jet onto a Flat Surface 


Milne-Thomson (15) has calculated the complex potential for the oblique 
impact of a two-dimensional jet onto a solid surface by considering the 
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impact of two such jets as indicated in Fig. 8. If 2 and y are the cartesian 
coordinates with origin at the stagnation point, we find in region J where 


O]< O6< 7-8 


V 
(F424 2co0)(¥ +4 — 2 ens.) 


Ve cos B 
7 Z Vang V 
(K+ £4 203.6 - a) (E+ £42 cos @+6)) 
+44 20086 
+ 4 log (4 + 8 sin 6 [15] 
Moet = i epee 


. at [Veg On=B\ on Pr ae ee O58. 
+ sin 2 {tan (Fat tan a) tan ( “tan 9+ 8) 


V 
oh sin B qv 1 + 2 cos (6 + 8) 
eer |? ao ‘Siar i Sea 
:: at =+- 2-cos (0 — 8) 
=z qi se Olen 88 a/V-—q, @+8 
cos B {tan a tan 5 18) + tan Weg ie 5 } 
aed. afi eg 6 
+ tan™ ra tan 8) + tan” (Fz cot 5) [16] 
V-q 0 ral =f V-—q 7) 
“+ e058 {tan (F=f §) tan (Fat eat 


Tv 
is (Te. CO8-3), 


where V is the mean velocity in the jet and q is the velocity at any point 
The other symbols are illustrated in Fig. 8 and 6 has its usual significance. 


In region II r > 0 = x — 8B, 


x = x of region I minus 2h sin B; [17] 


y of region I minus 2h cos 8. [18] 


y 
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When 8 = 7/2, Eqs. [15] and [16] are equivalent to the values given by 
Davies and Aylward (3) for the normal impaction of a jet when the distance 
from the jet orifice to the point of impaction is relatively large. Since 
k, = h( + cos B) and ky = h(L — cos 8) for small angles of approach, the 
vast majority of the drops in such a jet would follow the left-hand path. 


Fig. 8. The oblique impact of a pair of two-dimensional jets. 


When the sampling slide in impaction experiments is stationary, as an 
approximation the velocity along the slide just outside the viscous boundary 
layer, V,, would be V; = (ix up to the point where V; = V. 6; is a con- 
stant which depends upon 8, the angle of approach. The thickness of the 
boundary layer and the flow in it may be calculated using this approxima- 
tion (16). When the sampling slide is moving with velocity Vs we have 
Vi = Bw — Vz or Vi; = Bw’, where x’ = x — Vs/8,. The effect of move- 
ment of the sampling slide is therefore to move the stagnation point along 
the slide and increase the drag on one side of the jet and decrease it on the 
other. The changes in the stagnation point in the experiments described in 
Section II above would be slight. In any consideration of aerosol impaction 
data on the basis of the ideas developed in this article it is to be noted that 
the drag at the surface is proportional to V*” and that it increases from the 
stagnation point to a maximum and then decreases. 
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I. IntTRoDUCTION 


A survey of the reported data on the filtration of aerosols by fiber filters 
(1, 2, 3, 4) reveals large variations in the shape of the per cent penetration 
versus particle size curves according to the nature of the aerosol, the char- 
acteristics of the filter, and the air flow. These variations are considerably 
greater than those allowed by mechanical theories of filtration (5, 6) which 
do not take electric forces into account. This investigation was undertaken 
to obtain a quantitative estimate of the role of electric forces in the filtra- 
tion process, since they may account for some of the variation in the experi- 
mental filtration results (7). 

Electric charges may affect the filtration process in two possible ways: 
(1) Particles or drops may be pulled to the fibers from an appreciable dis- 
tance; and (2) the presence of electric charges may help to ensure that 
particles or drops which have come in contact with the fibers are retained. 
In this article the first possibility is considered. 

Measurements were made of the electric charge distributions of typical 
test aerosols and the net electric charge per unit length on the fibers of 
various filters. These data were then applied to corresponding filtration 
data. In order to do this a theory of filtration was developed which takes 
into account electrical as well as mechanical effects. 

It is believed that the electric charges are responsible for some of the 
discrepancies in filtration data. In particular the difference in results ob- 
tained with the La Mer-Sinclair monodisperse aerosol generator (8) and 
with the older techniques is attributed to the fact that the carefully pre- 
pared monodisperse aerosols are known to have few particles with electric 
charges (9), whereas the heterogeneous aerosols used in the other techniques 
may be expected to have an appreciable number of such particles. 


1 Present Address: Department of Physical Chemistry, King’s College, University 
of London. 
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II. ExpERIMENTAL 
1. Measurement of the Electric Charge Distributions of the Test Aerosols 


Two aerosols were chosen for assessment which are representative of the 
types of aerosol commonly used in filtration experiments. The first was a | 
homogeneous stearic acid aerosol from a La Mer-Sinclair generator (8). 
The second consisted of spherical polystyrene particles produced by spray- | 
ing a solution of polystyrene in carbon tetrachloride. 

The electric charge distributions were determined with the aid of an 
instrument which has been fully described elsewhere (10). A sample of 
stearic acid aerosol from a La Mer-Sinclair generator was introduced 1 into 


Fig. 1. Photograph of a wool resin fiber falling in a uniform horizontal electric 
field (H equals 0.26 e.s.u.). 


a 500-ml. flask and was then tested with the instrument. The polystyrene} 
aerosol was formed by spraying a 4% solution of polystyrene in carbon| 
tetrachloride from a Collison atomizer (11) operating at 30 lb./in.” into af 
0.2-m.* wooden chamber. The aerosol was fanned during the production, 
which took 30 sec., and was dilute enough to avoid serious coagulation} 
effects. The electric charge distribution samples were then taken as quickly) 
as possible (time of sampling <5 min.). 


2. Measurement of the Electric Charge on Single Filter Fibers 


The net electric charge per unit length on the filter fibers was deter 
mined by photographing the trajectories of specimen fibers which wera 
dropped between two parallel and vertical electrodes maintained at a hig 
d.-c. potential difference (1-8 kv.). The apparatus consisted of a poly- 
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styrene box 30 cm. by 28 em. by 12.7 cm. The end through which the 
fibers were photographed consisted of a piece of removable plate glass. The 
fibers were illuminated by a stroboflash lamp which threw an intermittent 
beam of light up through the bottom of the box. A 14-in. diameter hole was 
bored in the top of the box to allow the fibers to be introduced between the 
electrodes, which consisted of aluminum foil completely covering the two 
largest sides of the box. One electrode was maintained as much above 
ground potential as the other was below. The fibers chosen for assessment 
were generally from 1 cm. to 2 cm. long. Figure 1 illustrates the type of 
trace obtained. 

The equations of motion of a cylindrical fiber which is long enough so 
that end effects may be neglected falling in a uniform horizontal electric 
field of strength # are 


Pe ae 
B ae EQ, [1] 
,dy _ 
B aa [2] 


where m denotes the mass per unit length of the fiber, Q denotes the net 
electric charge per unit length of the fiber, and g denotes the acceleration 
due to gravity; x and y are to be taken in the horizontal and vertical direc- 
tions, respectively, and @’ is given by 


Arn ‘ il 13] 
2 — ¥ — log (3¢R)’ 
where /2 is the fiber radius and 7 and » denote the viscosity and kinematic 
viscosity of air, respectively. y denotes Euler’s constant (0.577) and u 
refers to either dx/dt or dy/dt, whichever is applicable. Since for fibers with 
radii of the order of 10 u or less, 6’ is independent of w (12), we should 
expect from Kas. [1] and [2] that the trajectory of a fiber would be a straight 
line of slope mg/EQ. The net electric charge per unit length, Q, was cal- 
culated from a measurement of the slope, and a calculation of m was made 
from a knowledge of the density of the fiber and a microscopic assessment 
of the radius. 

The use of 8’ in both Eqs. [1] and [2] is based on the assumption that 
Eq. [3] is applicable not only to broad-on motion but to motion along the 
axis of the fiber. In view of the fact that the fibers were usually curled up 
(Fig. 1) and often had rough surfaces, this procedure should lead to values 
of Q which are sufficiently accurate for the present purpose. 


B’ = 


3. Filtration Experiments 


Penetrations were measured in the La Mer-Sinclair generator experi- 
ments optically with a Pulfrich nephelometer, and particle size was de- 
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termined by measurement of sedimentation velocities or by means of the 
light-scattering techniques described by Sinclair and La Mer (8). The 
penetrations were measured at suitable intervals and the initial penetra- 
tions obtained by extrapolation of penetration versus time curves. 

The polystyrene aerosol filtration results were obtained from Mr. W. J. 
Harris of this laboratory. Working under the direction of Dr. D. J. Thomas, 
he used a method similar in principle to that described by Burton (1). 
The chief difference was the use of electrostatic rather than thermal pre- 
cipitation for the collection of samples of the test aerosol. The experimental 
results which are given below are the mean of two experiments in each of 
which about 1000 particles were counted per sample. 


Ill. ExpprImMENTAL RESULTS 


In all cases the electric charge distributions of the aerosols were found 
to be symmetrical. When the La Mer-Sinclair generator was functioning so 
as to provide a homogeneous aerosol, less than 5 % of the particles had an 
electric charge. In what follows such aerosols have been considered as 
uncharged. It is interesting to note that when the generator was yielding 
a heterogeneous aerosol, as many as 70 % of the particles were charged. 

The theory of filtration given below indicates that it is not always es- 
sential to know the complete electric charge distribution of a given test 
aerosol, although it was determined in the present experiments. All that is 
really required is (7) the fraction of particles of a given size which are 
charged (fz,) and (2) the manner in which the average electric charge (q) 
varies with the particle radius. Figures 2a and 26 illustrate these quantities 
for the polystyrene aerosols. The average electric charge was calculated in 
each case with neglect of the neutral particles and with disregard of the 
sign. With the instrument used in these experiments it was possible to 
determine these factors only for particles above the limit of visibility of 


30 


20 


10 


g, electron units 


0 0.5 1.0 1.5 0 0.5 1.0 15 
a?x 100 (cm.?) a2x 108 (cm.2) 
Fig. 2a. Relation between the average electric charge of polystyrene aerosol par- 
ticles of a given radius and the square of the radius. 


Fia. 2b. Relation between the fraction of the particles of a polystyrene aerosol of a 
given radius which are charged and the square root of the radius. 
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the optical microscope. For smaller particles it was necessary to extrapolate, 

-as shown in Fig. 2a for the polystyrene aerosols, and to assume that the 
aerosols of radii less than 0.24 from our La Mer-Sinclair generator are un- 
charged. Both the extrapolation and the assumption may lead to difficulties 
for particles below this limit. 

The characteristics of some of the filters examined are listed in Table I. 
Among the data given is the average net electric charge per unit length of 
the fibers of each filter. In all cases there seemed to be more negative than 
positive fibers but the difference was small and it was doubtful if it was 
real. The tabulated values refer to the average net electric charges per 
unit length calculated disregarding the sign of the charge. The average posi- 
tive value was approximately equal to the average negative value. The 
possible errors given in the table do not take into account errors which 
might conceivably occur owing to frictional effects involved in removing 
the fibers from the filters. Such errors are probably greatest in the case of 
the U.S. Chemical Corps paper No. 5, because of the difficulty encountered 
in removing the fibers. 

Determination of the net electric charge of filter fibers not listed in Table 
I revealed that a wide range of values was possible. The values obtained 
for a given material seemed to depend upon the method of production or 
the conditions of storage. For example, wool fibers taken from one wool 
asbestos filter had a net electric charge of 0.003 + 0.001 e.s.u./cm., whereas 
fibers from a similar filter had a net electric charge of less than 10 “e.s.u./em. 


IV. THrory oF FILTRATION 


At the present stage in our knowledge of the part played by electric 
forces in the filtration process there is a need for a simple theory of filtration 
which has two main characteristics. It should be based on first principles 
so that the effect of the individual variables may be traced, and it should - 
take into account electrical as well as mechanical effects. It is believed that 
the following analysis leads to a working theory which has these char- 
acteristics for particles of radius less than 0.54 when the mean velocity of 
the air past the fibers is less than 30 cm. /sec. 

Following the lead of Langmuir (5) a simple model of a filter is suggested 
such that the fibers are considered to be uniformly distributed in a series of 
layers perpendicular to the direction of the air flow. If A denotes the fraction 
of the aerosol taken out by each layer, the penetration through the filter is 

iven b 
where x is the number of layers and P denotes the penetration expressed 
as a fraction. Since A < 1 in the cases of practical interest (5), 


pain [5] 
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If the chances of a particle’s being caught by a fiber by diffusion pro- 
cesses is assumed to be independent of its chances of being caught by 
direct interception when a quasi stationary state has been reached, we 
may write 


Ax = 5 (2Res Vo + 13 [6] 


where L denotes the total length of the fiber, and A is the cross-sectional 
area of the filter. Resp is the effective radius of the fibers for collisions by 
interception. V) denotes the mean linear flow rate past the fibers, and J is 
a measure of the probability of a particle’s being intercepted in unit time 
by unit length of the fibers through diffusion processes. Provided the total 
length of fiber in the filter, the effective radius of the fibers for collisons by 
interception, and the probability of capture of particles by diffusion pro- 
cesses were known, it should be possible to calculate the per cent penetra- 
tion versus particle size curves for a given filter. An attempt to determine 
these quantities taking electric forces into account is described below. 


1. Filtration by Diffusion Processes 


The diffusion of spherical aerosol particles of radius a and electric charge 
q toward a cylindrical fiber of radius R and net electric charge Q e.s.u./cm. 
is described by 


ldn , dn (¢-# J Ne 


rar ) eM ae pan ae o 


where n denotes the number of particles per cubic centimeter at distance r | 
from the axis of the fiber. 


kT’ [8] 
D) ear 
H =5( Die [9] 
eet ls ye a 
4kT \K + 1/’ [10] 


where k denotes Boltzmann’s constant, 7’ is the temperature, and « and kK 
are the dielectric constants of the particles and the fiber, respectively. 
Equation [7] was obtained through an argument very similar to Townsend’s 
treatment of the diffusion of ions toward a charged sphere (13). The bound- 
ary conditions necessary for the solution of Eq. [7] were taken as n = 0 
at r = R + a (the particles stick on contact with the fiber) and n = no 
at r = S where m is the number of particles per cubic centimeter at distance 
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S from the axis of the fiber. S has been taken as half the mean distance 
between the axes of the fibers given by Albrecht (14) and Kaufmann (15) as 


eel arp ‘ 
S = y @ ’ [11] 
where p denotes the density of the fiber material and M is the mass of 


fiber per unit volume of the filter. The number of particles arriving at the 
fiber per second per unit length denoted by WN is given by 


H di 
2D & Soka ck A IR 
ia mD(R + a) exp (ap +o a a [12] 
W(R + a) — ¥(s) : 
where D is the diffusion coefficient of the particles. 
pias roe, Ed ote, 
a! & G-1 je a 
y(R + a) — Y(s) i r° exp (= > ts dr. [13] 


When there are no electric effects 
Ne ae ee NN wh ale 2 [14] 


as has been shown by Davies (16). & is Boltzmann’s constant and C is 
Cunningham’s constant. 7’, n, and ) refer to the temperature, viscosity, and 
the mean free path of the air, respectively. If we neglect image and induc- 
tion effects (J = H = 0), 


_ 2nDG(R + a)°no 
—(R + a)? — 82° 


When induction and image effects are appreciable, the equations cannot 
be solved exactly. 

For small values of H and J Eqs. [12] and [13] may be solved by ex- 
panding the exponential terms in series. For large values of H and J this 
was impracticable. If we substitute 


H Jigs xara dite JR 
at GSR eto a t 


N [15] 


in Eq. [7], 


H RJ 
Gan ae 
we a [17] 
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This equation overemphasizes the effect of induction and image forces 
and is of particular value in determining the conditions under which these 
effects are negligible. When electric effects are large, Eq. [17] reduces to 
2(e-DQa , Rd (K —- 2) [18] 
3 (Pia ee) 
for particles having an electric charge of opposite sign to that of the fiber. 
The quantity J which is used in Eq. [6] as a measure of the probability 
of a given particle’s being intercepted by unit length of the fiber by diffusion 
processes per second may be obtained in each case from 


N 


ue 


n= (21001 + + 


37a 


[= [19] 


2. Filtration by Interception 


In order to calculate the effective radius of a filter fiber for collisions by 
direct interception when electric effects are appreciable it was assumed 


Fig. 3. The approach of an aerosol particle toward a filter fiber. 


that (1) the majority of the fibers were perpendicular to the direction of 
the air flow, (2) the aerosol particles were spherical, (3) the particles stick 
to the fibers on contact, (4) the flow was laminar (5), and (5) inertia effects 
were negligible for particles of radius less than 0.5u and flow rates less than 
30 cm./sec. (5). 

To solve the equations involved it was necessary to assume a potential 
air flow. Although this is not as rigorous as the use of viscous flow equations 
in previous work in which mechanical effects alone were considered (6; 6M 
it should lead to results that ought to show up the difference in performance 
of a filter with and without electric forces operating. 

The equations of motion of a spherical particle of radius a relative to the 
axis of a fiber as illustrated in Fig. 3 are 


dr R F CX he 
Sebos tists S12 ate eee i 
at 0 (1 s) cos 0 ae ¢ + : ) [20] 


dd Rae 
nai = vo(1 +2) smo [21] 
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here t denotes time, Vo is the mean linear flow rate past the fiber, and 0 
-as illustrated in Fig. 3; F refers to the radial electric force acting on the 
article. 


SPH ZO ge (2 a i K-1 
eee (6 q 
Sa Do ele) [22] 


If Vo ¥ 0 and the equation of the most distant path leading to contact 
staken such that r = R + a when 6 = 7/2, 


a) ( > 1 id Re 
3 7h ley (pees Sopelene) | (eee a 
: : sin + a ( oe) i Frd@+R+a ee [23] 


ince Rez = limit r sin 6 as 6— 0, 
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ence referring to Eq. [22] and Fig. 3 


a eee ON aul 
en ogee (1+ Yee) 


R+a 
(- ae aQ’a’(e — 1) sé wo (R + a)(K — 1) 
3(R + a)? 8a?(K + 1) ‘ 
here a < landw < 1. Usinga = w = 1 will tend to overemphasize in- 
luction and image effects, but the error will be small when Rere<<R: 


3. Determination of the Mean Fiber Radius 


Inorder to calculate the total length of fiber (L) in a given filter Langmuir’s 
quation for the mean fiber radius (R) was used (5). This formula, which 
ives the radius in terms of the pressure drop across the filter and the 
yacking density (the fraction of the total volume of the filter occupied by 
he fibers), partially compensates for clumping of the fibers and the possi- 
lity that some of the fibers do not lie in a plane perpendicular to the 
lirection of the air flow. The equation recently developed by Davies (6) 
nd supported by direct microscopic examination of a wide variety of 


TABLE I 
The Characteristics of the Filters 


Pressure 
Thick- Pp, drop, (cm. R EX Ss 
ness, (g./ of water ( 5 105, 100 Q, (e.s.u./cm.) ( 
at 85 bed He 


Filt pe 3 
ci g. (cm?) (cm.) cm.) (cm.) 
l/min.) 


Vool resin Aro BS 407 = 17395) 20251, 7 10 7.0 0.9 + 0.4 52 
Vool resin® 6) st) Te ace)“ (Unanl! 10 7.0 0.2 +0.1 52 
ies. C.C. 0.5 58 0.033 1.838 2.1 Sey ili Ons 2s WO waz 


No.5 
Exposed to X-ray radiation of 5000 roentgens. 
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filters is in excellent agreement with Langmuir’s formula. The values of L 
and F for the filters discussed below are given in Table I. 


4. Calculation of Filter Performance 


a. Impregnated Fiber Filters. Filter fibers which have been coated with 
resin have an appreciable net electric charge per unit length which appears 
to be uniform. It has been shown above that the fibers have an equal chance 
of having a negative or positive charge. Since the test aerosols which have 
been examined have symmetrical electric charge distributions, using Eq. 
[25] we may write 


Jo? par Se 
Ra = fas R-+ a fe +e et )] 


Riv al © lente an 
fal ite ( Q’a’(e — 1) | Q¢ | & — ) 
Te [TO Bag Sere a Gaara 


[26] 


27D = 

ABN +] ogee gh 
48nVa* Lag a Cee RG 
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18nV.(R -+- a)” 6nVoa K + il 48nV a’ a 4 


where fog and fa denote the fraction of the aerosol particles of radius a 
which have an electric charge and are neutral, respectively. @ is the mean 
electric charge of the charged particles of radius a calculated disregarding 
the sign. Vo refers to the mean velocity of the air past the fibers and is 
given by 


Vie Volume of air drawn per second 
.= 


Ad — 8) ma | 


where 6 is the packing density. ) 
Referring to Eq. [17] we can obtain an expression for the filtration of | 
aerosol particles by diffusion processes, namely, 


kT ON H Rta gel 
pees (iy (bate para), es 
a ( +2) [gH o/s ( S ) 


fe ( H TRY / 2 R +a |@|+(a/(R+a)2)+7 R/a2 


ak ae JR 24 fe R of. a), he 
+Slqagt3 ial) /1 ( : | 


The third term in both Eggs. [26] and [28] refers to the contact of a charged 
particle with a fiber having a charge of the same sign. Obviously when 
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these terms are negative they should be neglected. Calculations using 
complete electric charge distribution data have shown that the use of a 
mean g in Kas. [26] and [28] leads to essentially the same result as the use 
of the actual values of g weighted according to their frequency of occurrence 
in the test aerosol examined. 

b. Unimpregnated Fiber Filters. It can be seen from the above equations 
that when the electric forces are small 


Cr 
ad 2L( . ieee (1 ." 2) [29] 


i ee R+a a5 6nayV o 
where 
S 
y=in(gya): [30] 


These equations should apply to “mechanical” filters. When the test 
aerosol contains an appreciable number of charged particles, electric effects 
may be important even for quite small values of Q. Since there is some ex- 
perimental evidence that unimpregnated fibers may have a net electric 
charge and that charge has an equal chance of being positive or negative, 
Eqs. [26] and [28] should be applicable. 


VY. Discussion 
By comparing theory with experiment it was hoped to show two things 
(1) that the equations developed above give a reasonable description of the 
available data when electric effects are small and (2) that there is a possi- 
bility of electric effects occurring in some cases which would be large enough 
to alter the shape of the per cent penetration versus particle size curve. 


100 % Stearic acid, filter irradiated 
© Stearic acid, filter not irradiated 
@ Polystyrene 


Per cent penetration 


Particle radius, microns 
Fic. 4. Penetration curves for the wool resin filters (Table I). The full and dotted 
lines illustrate the calculated performance using homogeneous and heterogeneous 
aerosols respectively for the Q values as indicated. Vo = 11.3 cm./sec. 
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Per cent penetration 


0 0.2 0.4 0.6 
Particle radius, microns 


Fig. 5. A comparison of the calculated performance of U.S.C.C. No. 5 filter pape 
with the experimental results of Lane et al. (4) for a homogeneous oleic acid aerosol, 
(Vo equals 25 cm./sec.) 


© D.OP., density 0.98 g./em3 


© Stearic acid, density 0.85 g./em3 


Per cent penetration 


0 0.2 0.4 0.6 
Particle radius, microns 


Fig. 6. A comparison of the calculated performance of U.S.C.C. No. 5 paper with) 
the experimental results of La Mer et al. (3). Vo equals 3.3 cm./sec. | 


F’ When the electric charge on the fibers of a wool resin filter is negligible 
and the test aerosol is uncharged Eq. [29] may be used. The result is illus- 
trated in Fig. 4 for a 3.2-g. wool resin filter with V> equal to 11.3 cm./see. 
The experimental filtration results obtained by testing the filter listed in 
Table I which had been exposed to X-ray radiation with a homogeneous 
aerosol from a La Mer-Sinclair generator are plotted in Fig. 4 for com- 
parison. : 

Also in Fig. 4 the effect of an average net electric charge on the fibers of 
0.014 e.s.u./cm. is illustrated for an uncharged aerosol. The data obtained 
using stearic acid homogeneous aerosols from a La Mer-Sinclair generator 
and wool resin filters which were not exposed to X rays are given in Fig. 4 
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ifor comparison. The corresponding case when the test aerosol is a poly- 
Astyrene aerosol with the electrical characteristics as shown in Figs. 2a 
and 2b is also illustrated in Fig. 4. In making the calculations it was as- 
sumed as suggested by Figs. 2a and 2b that 


faq = 100a° [31] 
g = 19.4a” X 10° (electron units), g always > 1. [32] 


It would appear that the effect of using a charged aerosol instead of 
an uncharged aerosol in filtration experiments is to increase the size of the 
i particle most difficult to filter. All the available data for the filtration of 
‘uncharged aerosols from La Mer-Sinclair generators by “mechanical” 
filters have been compared with the performance predicted for an ideal 
filter. Figures 5 and 6 illustrate typical results. Both theory and experiment 
indicate that if there is a peak in the per cent penetration versus particle 
iradius curve it is not in the region of 0.2 u, as suggested by Langmuir (5), 
‘but at much lower values. Using the polystyrene aerosol Dr. D. J. Thomas 
band Mr. W. J. Harris in this laboratory have found that with “‘mechanical’’ 
type filters the most difficult particle to filter has a radius of the order of 
10.1 »; this would indicate that the fibers of the filters they have examined 
have a net electric charge per unit length of less than 10 ° e.s.u./em. The 
greater alteration in the shape of the per cent penetration versus particle 
radius curve observed previously by Burton (1) may have been due to a 
greater net electric charge per unit length on the fibers of his filters or the 
i test aerosol may have had a significantly different electric charge distribu- 
tion from that of the aerosol chosen in this study as typical of hetero- 
geneous test aerosols. 

} A promising approach to the problem of electric effects in the filtration 
| process has recently been described (9). U.S. C.C. No. 5 filter paper was 
tested using homogeneous aerosols, all of the particles being charged 
i deliberately to approximately the same extent. On the assumption that 
i the electric charge on the fibers of the paper was such that induction effects 
| may be neglected, the theory above would predict 


log P = Cy + Cog + Csi’, [33] 


where (1, C2, and C; are constants. Figure 7 illustrates plots of log P 
4 versus @ obtained using the data of Goyer, Gruen, and La Mer (9) for 
1} V_ equal to 3.15 cm./sec. The plots are straight lines, indicating that the 
}image effects were not the most important. The slope of these lines should 


| equal C. . Since 
C, = — A ale 1 mye [ ] 
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Per cent penetration 


0 50 100 
Average particle charge, electron units 


Fic. 7. Illustration of the proportionality between log P and @ in the experiments 
of Goyer, Gruen, and La Mer (9). Vo equals 3.2 em./sec. 


Q may be determined. The value of Q for each case was approximately} 
2 X 10° e.s.u./em. Further experiments of this type would be well worth 
while particularly at large values of 7, where Kq. [34] is likely to be most} 
valid. 

When applied to penetration versus velocity data such as that of Ramskilll 
and Anderson (17) the simple theory presented above is not satisfactory. | 
It is believed that this is not entirely due to the neglect of inertia effects 
but that the differences in behavior of different homogeneous aerosols isk 
the essential clue to the problem. The observation of La Mer et al. (Fig. 6)) 
and Ramskill and Anderson (17) that it is often more difficult to filter a} 
heavy particle than a light particle of the same size was verified in a set} 
of subsidiary experiments. This suggests that the particles may not alwayst 
adhere to the fibers on contact. All of the available filtration data are in} 
agreement with the hypothesis that there is a restricted range of velocity} 
where adhesion on contact is not a certainty. This complex question has 
been the subject of a separate investigation by the author. Also the general! 
problem of the lack of adhesion of drops and particles on oblique impact 
with solid surfaces has been studied by the author in collaboration with | 
Professor Sir Eric Rideal at King’s College. It is hoped that the results of! 
these studies will be presented in the near future. As far as the present 
experiments are concerned, large electric forces would seem to ensure that 
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‘particles adhere to fibers on contact; just how large the forces must be has 
‘not been ascertained. 


VI. SummMary 


The net electric charge on the fibers of various filters and the electric 
charge distributions of typical test aerosols were measured. A simple theory 
‘of filtration which included electric as well as mechanical effects was de- 
veloped in order to apply these data to appropriate filtration results. 
/Most fibers have an electric charge, even though it may be very small. 
‘When the test aerosol in filtration experiments is a homogeneous un- 
;charged aerosol from a La Mer-Sinclair generator, a peak in the per cent 
penetration versus particle radius curves appears at approximately 0.05 yu, 
depending on the velocity of the air through the filter. The presence of 
‘electric forces of induction decreases the penetration of large particles and 
tends to decrease the radius at which maximum penetration occurs. When 
ithe aerosol used is a heterogeneous aerosol produced by any of the normal 
jmeans, the peak in the penetration versus particle radius curves appears at 
Jarger values of the radius, depending upon the net electric charge per 
unit length of the fibers and the electric charge distribution of the test 
aerosol. It is pointed out that some unexplained filtration results may be 
tdue to some of the aerosol particles’ escaping capture on contact. No 
attempt was made to assess the part played by electric forces in ensuring 
adhesion on contact. 
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LETTER TO THE EDITOR 
ELECTROVISCOUS EFFECT 


It has been shown that the K-value of silver iodide sols in water is inde- 
pendent of the electrolyte concentration at zero sol concentration, but that 
the decrease in the K-value of the sol on addition of electrolyte is larger 
the higher the concentration of the sol (1) (K = (n, — 1)/¢3; 7 = relative 
' viscosity; ¢ = parts by volume of dispersed silver iodide). The latter 
effect was ascribed to an interaction between the diffuse double layers of 
the particles (second-order effect). It was consequently expected that the 
| influence of the electrolyte on the viscosity of sols of moderate or high 
concentrations would increase with a decrease in size of the particles. Evi- 
dence for this supposition has now been obtained with the aid of emulsions 
of oils in water. 

The emulsions of a medicinal oil in water, stabilized by sodium naphtha 
sulfonates and prepared by the method of phase inversion, described 
earlier (2), were fairly homodisperse. To 10% (vol.) emulsions of oil + 
emulsifier in water, varying concentrations of sodium chloride were added. 
Owing to the differing emulsifier content of the oils different particle sizes 
~ were obtained, as described previously (2). The relative viscosities (n,) of 
the emulsions are listed in the table. 


10% (vol.) emulsions Sodium chloride conc. 


particle diameter in emulsion nr of emulsion Decrease in 7, 
(A.) (meq./1.) (%) 
2050 0 1.42 
2050 43 1.41 about 1 
585 0 1.63 
585 13 1.47 about 10 
275 0 2.00 
275 17 1.60 about 20 


These results tend to show that the phenomena observed for silver iodide 
sols (1) and emulsions (2) can be considered from the same point of view. 
Taking the results as a whole, it appears possible to discern the following 
distinct features in the phenomenon known as the “electroviscous effect.” 

I. First-order electroviscous effects, caused by an interaction between 
particles and medium and to be recognized only by an extrapolation of 
experimental data to zero concentration. This effect may be of two kinds: 
a. The classical electroviscous effect. b. The “apparent volume increase” (2). 
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Il. Higher-order electroviscous effects, which are caused by an inter- 
action between the particles and therefore become more marked with in- 
creasing particle concentration (1). | 

Only the classical electroviscous effect (I, a) has been elaborated funda- | 
mentally (von Smoluchowski (3), Krasny-Ergen (4), and Booth (5)); no | 
conclusive experimental data have, however, been obtained on this effect, 
possibly because the effect I, b is always involved. The “apparent volume | 
increase” (I, b) is derived from the ratio between K and 2.5 (Einstein). | 
It corresponds to an apparent increase in particle radius, the increase | 
being about 20 A. for the silver iodide particle (K = 3.55, particle radius | 
about 170 A.) and 30 to 35 A. for the particles of various sizes in oil emul- | 
sions. This phenomenon has not yet been explained satisfactorily. How- | 
ever, as both the surface potential of the particles and the apparent in- | 
crease in radius were constant under varying conditions, it seems justifiable 
to correlate these quantities and to consider the ‘apparent volume in- | 
crease” as an electroviscous effect. Possibly it is related to a decreased 
mobility of the liquid molecules in the neighborhood of the particle surfaces | 
as a consequence of the highly inhomogeneous electrical field present there. | 

It may be considered that much experimental work on well-defined sys- 
tems, under well-defined conditions, coupled with theoretical considera- 
tions on the properties of liquids in an electrical double layer is needed in 
order to gain a deeper insight into the viscous behavior of solutions of | 
lyophobic colloids. 
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BOOK REVIEW 


Degradation of Vinyl Polymers. By H. H. G. JeLiinex, University of Adelaide, 
_ South Australia. Academic Press Inc., New York, 1955. x + 329 pp. Price $8.50. 
This handy volume presents a detailed summary of the present state of knowledge 
(_ of vinyl polymer degradation under the influence of heat, radiation (light, X-ray, 
| and nuclear pile) ultrasonic waves, milling, oxygen, peroxide catalysts, and other 
' reagents. The subjects are treated mainly from the standpoint of reaction kinetics 
_ and do not include discussions of the patent literature or industrial problems of pre- 
venting degradation. 
. The first chapter comprising 59 pages presents a mathematical treatment of the 

various mechanisms of vinyl degradation which has a bearing not only on vinyl poly- 
mers but on all polymeric materials. The second chapter of 113 pages discusses in 
great detail bulk degradation of all common vinyl polymers by heat in vacuo. 
. The third section (48 pages) is concerned with oxidative degradation and degrada- 
} tion in solution. Since the discussion is limited to vinyl polymers, the reader may be 
disappointed to find that many areas of research on oxidative degradation of other 
types of polymers have been entirely omitted. The last chapter is extremely interest- 
- ing and reviews in 61 pages recent publications dealing with the mechanical and ul- 
trasonic degradation of vinyl polymer, as well as several nonvinyl polymers. The 
’ volume concludes with an appendix of 22 pages devoted to recent developments in- 
cluding degradation by high-energy radiation. 

Research workers in the field of polymer degradation will find the volume informa- 


-tive and a useful source of reference. 
R. B. Mesrozian, Brooklyn, New York 
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ANNOUNCEMENT 


INTERNATIONAL SYMPOSIUM ON POLYMERS, BIOCOLLOIDS 
AND POLYELECTROLYTES IN SOLUTION 


An International Symposium on Macromolecules, sponsored by the 
Commission on Macromolecules of the International Union of Pure and 
Applied Chemistry, will be held in Israel, from April 3rd to April 9th, 1956, 
inclusive. Host to this symposium will be the Weizmann Institute of Science 
Rehovoth. 

The Symposium will be devoted to the behavior of polymers, biocolloids 
and polyelectrolytes in solution. Papers will be presented in three sections 
to be held successively: 1) General Behavior of Polymers in Solution; 2) 
Behavior of Biocolloids and Polyelectrolytes in Aqueous Solutions; and 3) 
the Behavior of Special Polymeric Systems. 

A number of tours have been arranged for delegates and visitors, includ- 
ing visits to biblical sites. A ladies’ program has been planned. . 

For further information write to Prof. A. Katchalsky, Weizmann Insti- 
tute of Science, Rehovoth, Israel. 
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ABSTRACT 


Low-pressure adsorption isotherms of argon and nitrogen at 77.8°K. and 90.1°K. 
on graphitized carbon black, P-33, are reported. It is found that the adsorbed mono- 
layer behaves like a two-dimensional ideal gas at the lowest pressures measured; 
and that its behavior at slightly higher pressures can be described by a two-dimen- 
; sional van der Waals equation. The critical temperature of the adsorbed monolayer 
| is estimated from the van der Waals constants. Above about 50% coverage the ad- 
_ sorption isotherm has the form of the Langmuir equation; which is interpreted as 
the adsorption of a mobile film on localized sites, where the sites are superposed on 
_ the low-energy solid substrate by the packing of the adsorbate. The isosteric heats 
of adsorption are calculated as a function of the fraction of the surface covered, and 
“are found to follow the same general pattern as that reported by Amberg, Spencer, 

and Beebe (4) for krypton adsorbed on an identical substrate. 


INTRODUCTION 


Previous papers in this present series (1) have discussed the similarities 
in behavior of an insoluble film on water and a layer of adsorbed molecules 
on a uniform solid surface. In this paper this similarity is further demon- 
strated by the behavior of argon and of nitrogen, adsorbed as a mono- 
molecular layer on graphitized carbon. 

Polley, Schaeffer, and Smith (2), Singleton and Halsey (3), and Amberg, 
Spencer, and Beebe (4) have recently published multimolecular adsorption 
isotherms for argon and for nitrogen, and calorimetric heats of adsorption 
for krypton, on the graphitized carbon black, P-33. The marked step-wise 
adsorption isotherms and low initial heats of physical adsorption obtained 
indicate that this adsorbent has a surface that, if not uniform, has at least 
very small energy contour intervals. 

1 Based on a Thesis presented by W. Winkler, in partial fulfillment of the require- 
ments for the degree of Doctor of Philosophy, to the Department of Chemical Engi- 
neering, Rensselaer Polytechnic Institute, June, 1955. The experimental observa- 
tions are reported in full in the original Thesis, copies of which may be obtained 
from University Microfilms, Ann Arbor, Mich. 
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Only in the monolayer region, however, i.e., at relative pressures below | 
0.10, can analogies between liquid and solid substrates be legitimately | 
drawn. This present paper reports investigations in that region, using the | 
graphitized carbon black P-33 as the adsorbent. 


MatTerIaALs, APPARATUS, AND METHODS 


A sample of carbon black P-33, which was graphitized at 2700°C., was 
supplied by the courtesy of Dr. Walter R. Smith of Godfrey L. Cabot, 
Incorporated. Other samples of the same lot have been used in investiga- | 
tions reported by others (2, 3, 4). The surface area, by “point B’”’ method, 
is reported as 12.5 m.?/g. Spectroscopically pure grades of argon, nitrogen, 
and helium were obtained from the Matheson Company. | 

The low-pressure portion of the adsorption isotherm (2 to 50 u) was | 
determined by a McLeod, gauge and a volumetric system with mercury | 
cut-offs, as designed by Wooten and Brown (5). Corrections for thermal 
transpiration are sometimes large in this pressure range; they were reduced | 
by constructing the sample holder of 30-mm. tubing to a distance of 4 | 
inches above the level of the low-temperature bath. The corrections to be 
applied to the measured pressures of argon, nitrogen, and helium were 
then calculated from a formula given by Liang (6). The higher pressure | 
portions of the isotherms (0.05 to 14 mm.) were determined on a dif- | 
ferent volumetric apparatus, in which the pressures were read on an oil | 
manometer containing Apiezon B fluid by means of a Gaertner cathe- | 
tometer. In the range common to the two sets of measurements, values | 
agreed closely. The temperature of the adsorption bath was maintained by 
liquid nitrogen or liquid oxygen, and measured with an oxygen-vapor 
thermometer. The initial desorption of the sample was done at 150°C. for | 
4 hours, followed by 24 hours in vacuo at room temperature. The times 
allowed for adsorption varied from several hours to 30 minutes, depending 
on whether any further change in the pressure could be detected after 
several consecutive readings. . 


EXPERIMENTAL RESULTS 


The adsorption isotherms of argon and nitrogen from 2 to 40 wat | 
77.8°K. on graphitized carbon black, after correction for thermal transpira- 
tion, are reported in Fig. 1. The adsorption isotherms at pressures from 
0.05 to 14 mm. at 77.8°K. and at 90.1°K. are reported for argon in Figs. 
2 and 3; and for nitrogen in Figs. 4 and 5; corrections for the effects of 
thermal transpiration are negligible at these pressures. The isotherms are_| 
determined chiefly by adsorption, with enough points by desorption to 
prove that the results reported are true equilibrium values. The equations 
that are used to describe the experimental findings are listed below, and 
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Px1lO°(mm Hg) 


Fra. 1. Adsorption isotherms of argon and nitrogen from 2 to 40 u at 77.8°K. on 
graphitized carbon black P-33, after correction for thermal transpiration. Black 
circles represent desorption points. 


P(mm Hg) 
8 


fo) : 1.2 
0 0.4 0.8 1.2 ° 0.4 0.8 i 
P(mm Hg) P(mm Hg) 
Fig. 2 Fia. 3 


Fig. 2. Adsorption isotherms of argon on graphitized carbon black P-33 from 0.05 
to 14 mm. at 77.8°K. The low-pressure part of the isotherm is shown on an expanded 
i desorption points. 
scale by the lower curve. Black circles represent | é 
Fig. 3. Adsorption isotherm of argon on graphitized carbon black, P-33, from 0.05 
to 14 mm. at 90.1°K. The low-pressure part of the isotherm is shown on an expanded 
scale by the lower curve. Black circles represent desorption points. 
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0.8 ° 0.4 0.8 
P (mm Hg) P (mm Hg) 
Fig. 4 Fie. 5 
Fre. 4. Adsorption isotherm of nitrogen on graphitized carbon black, P33, from 
0.05 to 14 mm. at 77.8°K. The low-pressure part of the isotherm is shown on an ex- 
panded scale by the lower curve. Black circles represent desorption points. 
Fig. 5. Adsorption isotherm of nitrogen on graphitized carbon black, P-33, from | 
0.05 to 14 mm. at 90.1°K. The low-pressure part of the isotherm is shown on an ex- | 
panded scale by the lower curve. Black circles represent desorption points. 


the equation constants and other physical constants derived from them 
are reported in Table I. 


Isotherm Equations Approx. Range of 0 
p = ko 0-0.10 [1] 
7) 
p = ky(6/1 — 6) exp. (+, = 7) 0.10-0.50 [2] 
V = V,nBp/(1 + Bp) 0.60-0.90 [3] 


where @ is the fraction of the surface covered by the adsorbed monolayer, 
and is defined by the ratio V/V, of Eq. [3]. The constants k of Eq. [1] | 
and ky of Eq. [2] are not identical, though close to each other, because the | 
finite range of the ideal-gas behavior defines k, whereas ky is defined by the | 
limiting form of Eq. [2], 6 tending to zero. 


Discussion oF RESULTS 
1. [deal and van der Waals Gas Laws at Low Coverage 


The straight-line isotherms of Fig. 1 offer convincing evidence that the } 
surface of this graphitized carbon black, while not necessarily homotattic, 
presents (at least, to molecules as large as those of argon and nitrogen) a 
surface with no significant energy differences. A linear adsorption isotherm 
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TABLE I 


| Equation Constants and Estimated Physical Constants of Argon and Nitrogen Adsorbed 
on Graphitized Carbon at 77.8°K. and 90.1°K. 


Constant ue, Unit oer ula 

tion no. 77.8°K. 90.1°K. 77.8°K. 90.1°K. 

k 1 mm. 1.29 —_ 0.717 — 

ky 2 mm. 1.28 9.5 0.69 4.72 

Vien 3 ce. at STP 3223 Ba I 2.65 2.56 

ky 2 ratio 5.57 4.62 4.28 3.48 

B 3 mm. ! 5.95 0.593 6.87 0.558 

re 5 AK 64.2 61.5 49.3 46.4 

AH (low 6) 12; cal./mole 2270 2190 

AH (high 6) 13 cal./mole 2650 2860 

2H 7 cal./mole 380 670 


s be shown to result when the adsorbate behaves as an ideal two- 
dimensional gas on the surface (7), thus implying constant heat of ad- 
sorption throughout the whole surface. It is, of course, possible that an 
investigation carried to higher powers of precision would disclose a small 
percentage of adsorption sites more active than the remainder, which 
would be revealed by a small initial curvature of the isotherm. On the 
scale of the measurements reported here, however, the linear isotherms 
_ pass through the origin. It is important to notice that ideal two-dimensional 
gas behavior is observed for an appreciable portion of the monolayer 
coverage, and is not merely a limiting case of a van der Waals or a Langmuir 
equation. 

Figures 2, 3, 4 and 5 show that the linear isotherms pass smoothly and 
continuously into curves convex to the pressure axis. This feature has 
already been observed by Jura and Criddle (8) for argon adsorbed on 
graphite; and also deduced from theory by Hill (9) and de Boer (10), as 
characteristic of a mobile adsorbed film in which the effects of molecular 
size and interaction cause deviations from the ideal gas law. Both Hill and 
de Boer develop the following adsorption isotherm equation, to describe 
an adsorbed monolayer that obeys a two-dimensional van der Waals 
equation: 


6 6 2d2 
ee exp. | 2b 
Pisa agg 2? (4, ao) 26) 


where p is the equilibrium pressure, 0 is the fraction of the surface covered 
by the adsorbed monolayer, a; and 6b; are the two-dimensional van der 
Waals constants, and hk, is a constant related to the heat of adsorption. To 
test Eq. [2b] a value of V,,, the complete monolayer coverage, is necessary 
from which 6 = V/V» can be derived. Satisfactory values of Vn can be 
obtained from the monolayer adsorption isotherm at higher pressures 
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where the observations can be described by a Langmuir equation. Using 
the values of @ thus obtained, Eq. [1] is tested by rearranging it as follows: 


W =Ino/(1 — 0) + 6/(1 — 0) -Inp 
= —In ky a (2a2/b.RT)0 [4] 


In Fig. 6 the expression W of Eq. [4] is plotted vs. 6 for adsorbed argon 
at 77.8°K. and 90.1°K.; and in Fig. 7 similar plots are reported for adsorbed 
nitrogen. The values of the Langmuir V», used in the calculation are 
reported in Table I. These diagrams show that Eq. [2] provides a satis- 
factory description of the adsorption isotherm, beginning where deviations 
from ideal gas behavior first occur, and holding good to the point where | 
the surface is about half covered with adsorbed molecules. The reason | 
why the van der Waals equation does not extend its description all the | 
way to complete monolayer coverage will be discussed later; meanwhile, | 
the agreement of the experimental observations with Eq. [2b] enables us to | 
estimate the two-dimensional critical temperature of condensation of the | 
adsorbate monolayer. 

The straight-line portions of Figs. 6 and 7 yield slopes and intercepts | 


8 
Fia. 6 Fig. 7 
Fia. 6. Test of the adsorption isotherms of argon on graphitized carbon, P-33, 
at 77.8°K. and 90.1°K., to show the description of the adsorbed monolayer by a two- 
dimensional van der Waals equation, at coverage below 50%. 
Fig. 7. Test of the adsorption isotherms of nitrogen on graphitized carbon black, 
P-33, at 77.8°K. and 90.1°K., to show the description of the adsorbed monolayer by 
a two-dimensional van der Waals equation, at coverage below 50%. 
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from which can be calculated ky and 2a2/Rb2, from which, in turn, an 
estimate of the critical temperature for two-dimensional bondensacion 
can be obtained by use of the following equation (10): 


T., = 802/27Rb». [5] 


The values for the critical constants of argon and nitrogen adsorbed on 
graphite, as estimated from isotherms at 77.8°K. and 90.1°K. , are included 
in Table I. The variation of a, and b. with temperature acount for the 
deviation between the estimated critical constants at 77.8°K. and 90. tks. 
) the values derived from the lower temperature isotherm are presnn iy: 
) closer to the correct ones. 


2. Langmuir Equation at Higher Values of 0. 


We have already referred to the Langmuir V,,, in the testing of Eq. [2]. 
| We find in the present experiments that, at pressures slightly greater than 
| those at which the two-dimensional van der Waals equation successfully 
describes the data, the latter equation no longer holds and the Langmuir 
equation provides the better mathematical description. This statement is 
{ based on a comparison of Figs. 6 and 7 with Figs. 8 and 9: deviations 
from Eq. [2] appear at about 6 = 0.5, and conformity with the Langmuir 
equation appears at about 6 = 0.6. Evidently the adsorbed monolayer has 
changed its physical nature. 
It is surprising at first glance to find the adsorption isotherm assume 
1 the form of the Langmuir equation, which is predicated on no interaction 
between adsorbed molecules, especially when the van der Waals equation 
(i.e., interaction) has already been successfully invoked at lower pressures. 


P(mm Hg) 


6 
P (mm Hg) 


Fic. 8. Test of the adsorption isotherms of argon on graphitized carbon black, 
'p- 33, at 77.8°K. and 90.1°K., to show their description by the Langmuir equation, 
} at coverage above 50%. 
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6 
P (mm Hg) 


Fic. 9. Test of the adsorption isotherms of nitrogen on graphitized carbon black, 
P-33, at 77.8°K. and 90.1°K., to show their description by the Langmuir equation, 
at coverage above 50%. 


Since interaction at higher pressures cannot be assumed to have abruptly 
disappeared, the new situation corresponds to an interaction energy that 
is constant with increasing coverage; hence a pattern of uniform, localized 
sites has been established by the adsorbed molecules themselves. The 
surface now presented to an adsorbate molecule in the vapor phase has 
changed from the initial level uniformity of the bare surface, to a homotattic 
pattern of periodically recurring, equivalent sites. Expressed mathemati- 
cally, adsorption on the bare surface is described by: 


koe? *p 
= ek 
where Q is the energy of adsorption per mole when all neighboring sites 


are unoccupied. Adsorption at the higher coverage where the Langmuir 
equation is followed, is described by: 


6 


[6] 


Q/RT 
6 = koe zE/RT 


1 =6 0 a p [7] 


where EF is the interaction energy (attractive), and z is the number of 
occupied sites adjacent to any given site on which adsorption can take | 
place (11). The energies of adsorption per mole in the two cases described | 
by Eq. [6] and [7] are Q and Q + 2H, respectively, and can be obtained 
experimentally from the calorimetric or the isosteric heats. | 
The value of z depends on the nature of the packing of the adsorbate 
molecules when close together at high monolayer coverage. For cubic 
packing, each unoccupied site is surrounded by four closest neighboring 
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adsorbed molecules; for hexagonal packing, each unoccupied site has six 
closest neighbors. In the solid state both argon and nitrogen form cubic 
crystals, in which the ratio of their respective molecular areas is 14.7/16.0 
= 0.92. For every gas on a given surface, V,A is constant, where A is the 
limiting area per molecule; hence the ratio of the Langmuir V,, for argon 
and nitrogen at the same temperature equals the reciprocal ratio of the 
limiting values of their molecular areas. It may be significant that, when 
compared with the crystallographic ratio of 0.92, the experimentally 
observed ratio of V,, would require a smaller value for the molecular area 
of the adsorbed argon. If then the argon is taken as hexagonally packed, 
‘with a molecular area of 0.866 * 14.7 = 12.8 A2, and the nitrogen is still 
assumed to be cubically packed, the crystallographic ratio becomes 
12.8/16.0 = 0.80; in close agreement with the reciprocal ratio of Vm, 0.82. 
Another indication that argon may pack hexagonally, and nitrogen 
cubically is obtained by a comparison of Figs. 8 and 9. Cubic packing 
should become evident after half-coverage, whereas hexagonal packing 
cannot be observed until at least two-thirds coverage. The difference 
between those two points on a sharply rising isotherm is not great; never- 
theless, it can be seen (Fig. 8) that the Langmuir equation for nitrogen 
does hold at values of 6 less than 0.67, whereas it does not for argon (Fig. 9). 


8. Isosteric Heats of Adsorption 


The variation of the isosteric heat of adsorption with coverage of the 
surface by a monolayer can be calculated for each of the three portions 
into which the isotherm has been divided. The isosteric heat of adsorption 
is defined by the expression: 


AH = RT?(0 In p/OT)o. [8] 


Applied to the first, ideal-gas, portion of the isotherm (Eq. [6]), Eq. [8] 
yields: 
AH = Q + RT and (0AH/00)7 = 0; [9] 


for the range of 6 in which the adsorbed monolayer behaves like an ideal 
gas, the isosteric heat is constant. Applied to the second, or van der Waals 
equation, portion of the isotherm (Kq. [2b]), Eq. [8] yields: 


ia RT°(0 In k,/dT)o + 2a26/be 


and 
(GAH /00)7 = 2a2/b2; [10] 


for the range of @ in which the adsorbed monolayer obeys the van der 
Waals equation, the isosteric heat rises linearly with 9. Applied to the 


328 SYDNEY ROSS AND WERNER WINKLER 


third, Langmuir-equation, portion of the isotherm (Eq. [7]), Eq. [8] 
yields: 
AH = Q+ WRT + eV, and (0AH/06)7 = 0; [11] 


for the range of 6 in which the Langmuir equation holds, the isosteric heat 
is constant. 

Equations [9], [10], and [11] predict that the isosteric heat of adsorption 
is first constant to about 6 = 0.10; then rises linearly to about 6 = 0.50; 
and then assumes a new constant value to about 6 = 0.90, after which 
adsorption on top of the monolayer is accompanied by a decrease in the 
isosteric heat. The initial constant value of AH can be estimated from the | 
two isotherms here reported for each gas, using the Clausius-Clapeyron | 
equation applied to Eq. [1]: 


Des [12] | 


The linear part of the isotherms at 90.1°K. is not precisely determined in | 
the present reported measurements, but the ratio k/k; is given approxi- 

mately by the ratio, more readily determined, of (kz)2/(k,)1; the distinction | 
between the two constants was mentioned previously. The second constant | 
value of AH for the Langmuir-equation portion of the isotherm is given | 


similarly by 


I] 
T.— Ti Be’ 13} | | 
where 6; and #2 are the constants defined, for two different temperatures, } 
by Eq. [3]. The values of AH, at low 6 and at high 9, calculated, respectively, | | 
from Eq. [12] and [13], are reported in Table I. The dideeeee between | 
them gives the value of zH, as defined by Eq. [7]. } 

Although two different isotherms have been determined for each gas in | 
the present investigation, they are separated by a large temperature dif- | 
ference, and it is difficult to estimate how accurate are the values of AH 
reported in Table I. A better test of Eqs. [9], [10], and [11] would be 
afforded either from isotherms at a smaller temperature interval or from 
the more precisely determined calorimetric heats. At present the ca-| 
lorimetric heats of adsorption of neither argon nor nitrogen on graphitized 
carbon black P-33 are available; however, the calorimetric heats of ad- 
sorption of krypton at 90.1°K. on this adsorbent have been reported by 
Amberg, Spencer, and Beebe (4), and show general similarities to the 
predictions of Eqs. [9], [10], and [11] above. For the first monolayer the | 
heat curve can be divided into three distinctive portions. There is first a/ 
constant heat of adsorption of 3.94 keal./mole to about one-eighth coverage; 
the heat of adsorption then rises linearly to about half- -coverage; followed 
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by a second constant heat to about 0.86; then declining again as second- 
layer adsorption takes place. The value of zH is about 600 cal./mole, by 
Eq. [7]. Each of these features of the calorimetric heat curve corresponds 
to the description afforded by Eqs. [9], [10], and [11], respectively. Col- 
lectively, they provide independent corroboration of the general pattern 
of the course of the adsorption on this uniform, low-energy surface: a 
pattern that is probably one of the simplest of those to be encountered 
experimentally, and which nevertheless cannot be interpreted by a single 
physical mechanism. 
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ABSTRACT 


The critical temperature of condensation for an adsorbed monolayer of krypton 
on graphitized carbon black, P-33, is shown to be approximately 82°K. Adsorption | 
isotherms for temperatures (77.1°K. and 90.1°K.) close to this critical temperature 
offer experimental evidence that two-dimensional condensation may be described 
by a two-dimensional analogue of van der Waals’ equation. 


INTRODUCTION 


Hadden Clark (1) reports that krypton adsorbed on graphitized carbon | 
black, P-33, at 70°K. shows evidence of a two-dimensional phase transi- 
tion. Amberg, Spencer, and Beebe (2) have determined calorimetric heats | 
of adsorption of krypton on the same adsorbent. From data in the latter 
paper, the two-dimensional critical temperature of condensation for the | 
adsorbed monolayer can be estimated as approximately 85°K. | 

This paper reports and discusses adsorption isotherms for krypton on 
graphitized carbon black, P-33, at temperatures (77.8°K. and 90.1°K.) | 
lying slightly above and slightly below the estimated critical temperature 
of condensation for the adsorbed monolayer. 


MareRIaALs, APPARATUS, AND MErHops | 


A sample of carbon black, P-33, which was graphitized at 2700°K., was 
supplied by the courtesy of Dr. Walter R. Smith of Godfrey L. Cabot, Inc. | 
A spectroscopically pure grade of krypton was obtained from the Mathe- 
son Company. 


The determinations of the adsorption isotherms were made with the volu- 


‘ Based on a Thesis presented by W. Winkler, in partial fulfillment of the require- 
ments for the degree of Doctor of Philosophy, to the Department of Chemical Engi- | 
neering, Rensselaer Polytechnic Institute, June, 1955. The experimental observa- 


tions are reported in full in the original Thesis, copies of which may be obtained 
from University Microfilms, Ann Arbor, Mich. 


330 


ON PHYSICAL ADSORPTION. IX Soll 


metric adsorption system and McLeod gauge previously described (3); and 
the corrections for thermal transpiration obtained from Liang’s formula 
(4). A few points at high coverage on the 90.1°K. isotherm had to be deter- 
mined with a higher pressure adsorption apparatus, using an oil manome- 
ter. The time required for adsorption equilibrium varied at different por- 
tions of the isotherm, and was markedly longer at 77.8°K., and particularly 
in the range of the isotherm during and following the vertical discontinuity. 
It was found also that the time required depended on the sample weight 
and could be greatly reduced with small quantities of adsorbent. In the 


P (mm Hg) 
0.8 1.2 


° 0.4 


Px10® (mm Hg) 


Fig. 1. Adsorption isotherm of krypton at 90.1°K. on graphitized carbon black, 
P-33, after correction of the values at lower pressures for thermal transpiration. 
The low-pressure part of the isotherm is shown on an expanded scale by the lower 
curve. 


fo) 0.8 1.6 2.4 32 
Pxl0® (mm Hg) 


Fig. 2. Adsorption isotherm of krypton at 77.8°K. on graphitized carbon black, 
P-33, after correction of the values for thermal transpiration. 
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present experiments the weight of sample was 175 mg., and the time re- 
quired was from 20 minutes to a few hours. 


EXPERIMENTAL RESULTS 


The adsorption isotherm of krypton at 90.1°K. on graphitized carbon 
black, after correction of the values at lower pressures for thermal trans- 
piration, is reported in Fig. 1. The adsorption isotherm of the same system 
at 77.8°K., after correction for thermal transpiration, is reported in Fig. 2. 

The equations that are used to describe the experimental findings are 
listed below, and the equation constants and other physical constants 
derived from them are reported in Table I. 


Equations Approx. Range @ 
Ae a 0-0.10 {1] 
Se et I ls" 0.10-0.50 2 
ee Se a) aes 2] 
V = Vnbp/(1 + Bp) 0.60-0.90 [3] 
T. = 8a2/27 Rbe [4] 
Equations 

dis ebs kp 

AH (low 6) = == 
(low @) La Ee [5] 

; RT2 Ty Bi 

AF (high 6) = 7== 
(high @) T,_ T, In is [6] 
zH = AH (high 6) — AH (low 6) (7] 
Equations [5], [6], and [7] are derived and the symbols used are defined in 


the previous paper of the series (3). 


TABLE I 


Equation Constants and Estimated Physical Constants of Krypton Adsorbed on Graphi- 
tized Carbon 


Constant eS eee Unit To ee 77.8°K. 90.1°K. 
k 1 mm. 0-0.1 0.0162 0.28 
ky eZ mm. 0.1-0.5 _- 0.25 
2a A 

DRT 2 ratio 0.1-0.5 — 6.16 
Van 3 ce at STP 0.50-0.89 4.85 

Van 3 cee at STP 0.89-0.95 O420 204 

B 3 mm.! 0.89-0.95 1820 68.0 
FE; 4 oe — 82.1 

AH (low 6) 5 cal./mole 3240 

AF (high 6) 6 cal./mole — 3740 

2E 7 cal./mole 500 
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Discussion 
1. The Adsorption Isotherms 


The adsorption of krypton on graphitized P-33 at 90.1°K., reported in 
Fig. 1, follows a similar pattern to that shown by adsorbed argon or nitro- 
gen on the same adsorbent: the adsorbed molecules behave first as an 
ideal two-dimensional gas, as is evident from the initial linear portion of 
the adsorption isotherm, conforming to Eq. [1]; at higher pressures the 
adsorption isotherm can be described by Eq. [2], which is based on a two- 
dimensional van der Waals equation; and at still higher pressures, when 
more than half the available surface is covered with adsorbate molecules, 
the adsorption isotherm has the form of a Langmuir equation, Eq. [3]. 
The precision of the description of the experimental results by Eq. [2] is 
shown in Fig. 3, in which the function W = In rer a F + eT Z 7s In p 
is plotted vs. 6, for the range 0.1 < 6 < 0.5. After half the surface is occu- 
pied the description of the isotherm is continued by Eq. [8], and the pre- 
cision of this description is shown in Fig. 4. The value of V,, derived from 
the plot of Fig. 4 is the basis for the calculation of 6 in Eq. [2], and hence 
for the construction of the plot given in Fig. 3. An estimate of the two- 
dimensional critical temperature of condensation of the adsorbed mono- 


Fia. 3. Test of the adsorption isotherm of krypton on graphitized carbon black, 
P-33, at 90.1°K., to show the description of the adsorbed monolayer by a two-dimen- 
sional van der Waals equation, at coverage below 50%. 
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Px10° (mm Hg) 


Fic. 4. Test of the adsorption isotherms of krypton on graphitized carbon black, 
P-33, at 90°K. and 77.8°K., to show their description by the Langmuir equation, at 
coverage above 50%. The lines AB and BC represent two Langmuir equations for 
the description of the 77.8° isotherm. 


layer can be obtained from the slope of the straight-line portion of Fig. 3, 
which equals 2a2/b.RT, yielding (Eq. [4]) T. = 82.1°K. 

The adsorption isotherm at 77.8°K. is reported in Fig. 2. At the lowest 
pressures measured the isotherm is linear; at higher pressures a vertical 
discontinuity appears in the range of monolayer coverage (0.1 < @ < 0.5), 
which ‘is the same portion of the isotherm described at 90.1°K. by a two- 
dimensional van der Waals equation. This finding offers a complete analogy 
to the behavior of a gas below its critical temperature; it also substantiates 
the van der Waals equation applied to the description of an adsorbed 
monolayer. This is the first experimental evidence that the two-dimensional 
van der Waals constants have an exactly analogous significance with 
respect to the critical point of an adsorbed monolayer, as their three- 
dimensional originals have for the critical point of a gas. 

Above 50% coverage the isotherm would be expected to have the form 
of a Langmuir equation, if it were to behave in the same way as the supra- 
critical isotherm at 90.1°K. The Langmuir plot is shown in Fig. 4, from 
which it can be seen that the experimental data are described by two 
Langmuir equations, with a transition at 6 = 0.89. The determination of 
this portion of the isotherm was confirmed by duplication of the measure- 
ments. The two Langmuir equations give values of V,, that are, respec- 
tively, for the AB and the BC portions of the Fig. 4 plot, 4.85 and 3.23 c.c. 
at S.T.P. per gram. The monolayer capacity of this sample of graphitized 
carbon per gram is 2.65 ¢.c. in terms of nitrogen at 8.T.P., which corre- 
sponds closely to 3.23 ¢.c. in terms of krypton, based on normally used 
molecular areas of nitrogen and krypton. The calculation of @ is based, 
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therefore, on V,, = 3.23 c.c./g. The lower pressure Langmuir equation has 
a value of V,, corresponding to 1.50 6. A tentative model that describes 
this phenomenon is suggested in Fig. 5, where the order in which krypton 
molecules adsorb on an energetically uniform solid substrate is designated 
by the numbers; equivalent positions being given the same number. The 
suggested arrangement is cubic, with 6 = 0.50 corresponding to the com- 
pletion of the adsorption of the No. 4 atoms. Second-layer adsorption 
occurring at that point, on sites indicated by shaded circles, would show, 
by virtue of the number and nature of these sites, localized adsorption 
with an available V,, = 1.50 6. If the observed transition at higher pres- 
sures is caused by a shifting of the second-layer adsorption to the filling 


iy 


Y 
WY Wy 
ZZ Q 77, < 


Fic. 5. First and second adsorbed layers of krypton in cubic array. It is sug- 
gested that adsorption on the second layer (shaded circles) begins before the sites 
on the first layer occupied by the No. 5 atoms are occupied. 


in of the No. 5 sites on the first layer, the isotherm would also shift, to 
display localized adsorption with V,, = 1.00 6. The adsorption of nitrogen 
on Graphon has been similarly characterized by Graham (5): “‘. . . a delayed 
equilibration involving the necessity for some shifting of adsorbed mole- 
cules to permit occupancy of the last portion of the adsorbent surface.” 


2. Heats of Adsorption 


The initial linear isotherms define a constant isosteric heat of adsorp- 
tion, which can be calculated from the slopes k, and ky at temperatures 
T, and T, by means of the Clausius-Clapeyron equation; the equation 
that is developed is Eq. [5}. The value of 3240 cals./mole (Table I) is 
significantly lower than the heat of adsorption for the same system deter- 
mined calorimetrically (2), which, for low values of 6, is about 4000 cals. / 
mole. Isosteric heats of adsorption, particularly when based on constant 
@ rather than constant amount adsorbed, V, have been found to be less 
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than their calorimetrically determined counterparts (6), although the 
difference does not account fully for the present discrepancy. It is also 
possible that there are differences in the adsorbent, which is prepared by 
batch process and so is not necessarily always equally free of high-energy 
adsorption sites on the surface. 

A method of calculating the nonpolar van der Waal’s forces (dispersion 
forces) between an argon atom and the basal-plane surface of graphite, 
and evaluating the resulting energy of adsorption, has been employed by 
de Boer (7). A similar calculation can be made for krypton, using the 
following numerical data: 


Operating radius of krypton atom, from equation of state = 2.03 A. 
Operating radius of carbon atom in van der Waals inter- 


action, from interlayer spacing of graphite = 1.70 A. 
Qe = 1<10aetems ax, = 2.46 X 10-4 cm.3 
I, = 258 keal./mole Ix, = 321 keal./mole 


ro = 3.45 A. N; 1eLS) <a1028 


The symbols used are defined by de Boer (7). The distance of an adsorbed 
krypton atom to the 6 nearest carbon atoms of the basal plane of graphite 
will be 3.73 A.; the distance to the next 6 is 4.52 A.; and the distance to 
the next 12 is 5.21 A. Summations over the 24 nearest carbon atoms and 
integration over the rest leads to an adsorption energy of 2.8 kcal./mole; 
this is as close to our present reported value of 3.2 kcal./mole as a calcula- 
tion of this type can be expected to come. 

A test of the internal consistency of the reported isosteric heats of argon 
and krypton at low coverage is the ratio of the heat of evaporation to the 
heat of adsorption of each gas on the same adsorbent: at corresponding — 
temperatures this ratio would be expected to be constant for all the noble 
gases. The numerical values are: 


Argon Krypton 
AH evaporation 1570 2170 
AH adsorption (78°-90°K.) 2270 3200 
Ratio 0.69 0.68 


Although the calorimetric heats of adsorption of krypton on graphitized 
P-33 at 90°K. (2) are higher at all values of 6 than the isosteric heats 
reported here, both methods agree in their determination of the variation 
of AH with @. On the calorimetric curve the initial constant AH at low 
coverage corresponds to the ideal linear adsorption isotherm; the rising 
calorimetric heat from 0.2 < @ < 0.6 corresponds approximately to the 
central portion of the isotherm that is described by Eq. 2, for it can be 
nt) = 2a2/bs; and the final 

00 /r 


shown that this isotherm equation leads to ( 
constant AH at high monolayer coverage corresponds to the portion of 
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the adsorption isotherm that has the form of a Langmuir equation. It is 
indeed possible to find more than this qualitative similarity: the slope of 
the rising portion of the calorimetric heat curve yields a value of 2a2/bs, 
from which the critical temperature is estimated (Eq. 4) at about 85°K; 
the adsorption isotherm in the same range of coverage can be used for the 
same purpose (Table I), yielding a critical temperature of 82°K. 
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ABSTRACT 


Dynamic measurements of osmotic pressure may be affected by sorption phe- 
nomena on the membrane. Likewise the sorption of polymeric plasma expanders to 
tissue after infusion may have adverse physiological effects. 

The sorption of C™ carboxy-labeled dextran (M, = 35,000) to collodion mem- 
branes was studied in several media. The membranes were cast over mercury from 
a Merck collodion solution under controlled conditions. Aqueous solutions were 
prepared containing dextran, sodium chloride, serum albumin, and three detergents 
having different chemical characteristics, in different combinations. Both sides of 
the membranes were exposed to these solutions for a selected sequence of time in- 
tervals up to 52 hours; they were uniformly washed (without scrubbing) and air- 
dried at 30°C. The radioactivity in each membrane, which is a measure of the amount 
of dextran present, was determined with a PC-1 Proportional Counter. | 

The experiment was statistically designed in order to isolate and compensate for | 
possible systematic errors due to differences between membranes and to variations 
in the counting procedure or fluctuations in the instrument, and in order to evaluate 
the precision of the data. 

The results indicate differences between membranes, despite the precautions taken 
in their preparation. Aqueous solutions containing only dextran show a continuous 
increase in sorption with a high initial rate. Addition of sodium chloride increases 
the amount of sorption, whereas the presence of serum albumin decreases it, whether 
or not sodium chloride is present. The cationic detergent markedly increases the 


sorption of dextran to the membrane, whereas the nonionic detergent has the re- 
verse effect. 


I. INTRODUCTION 


The adsorption of high polymers from solution to solid surfaces has 
been under study for several years. Early interest stemmed from the in- 
vestigation of the factors involved in adhesion. Recently the approach 
has been more fundamental and investigators like Simha, Frisch, and 

* This work was sponsored, in part, by the Office of the Surgeon General, Depart- 
ment of the Army. 


z Presented at the 126th National Meeting of the American Chemical Society in 
New York City, N. Y., September 12-17, 1954. 
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Hirich (1, 2) and Sonntag and Jenckel (3) have proposed theories to predict 
and explain adsorption behavior. 

The study undertaken and discussed in this paper follows a slightly 
different approach. The possible adsorption problems associated with 
osmotic pressure measurements have been reported in the literature by 
Robertson, McIntosh, and Grummitt (4) and again by Cleverdon, Laker, 
and Smith (5). Static measurements are usually made over a period of 2 
to 3 days, during which time any polymer coating of the membrane would 
reach equilibrium and subsequently would not interfere with the deter- 
mination. On the other hand, dynamic measurements have been made 
within short periods of time without giving consideration to the transfer 
of polymer to the membrane surface and its possible consequences. It had 
been found in this laboratory, while using the Hepp-Scatchard osmometer 
(6), that if reliable static osmotic pressure measurements of dextran solu- 
tions were to be obtained within 4 hours, the membrane had to be ‘“‘condi- 
tioned” to the solution during a 2-day period (7). 

Another factor that influenced this study was the possible adverse 
physiological effect of infused plasma expanders due to the adsorption of 
the expanders to tissue. It was reported by Furth et al. (8) that certain 
plasma expanders cause an increase in bleeding tendency shortly after 
infusion. In addition, it has been reported by Hint and Thorsén (9) that 
the sedimentation rate of red cells and their tendency to agglomerate are 
greater for higher molecular weight expanders. It was therefore considered 
that a similar phenomenon might be taking place with the blood plate- 
lets, which play a primary role in bleeding stoppage; that is, the expander 
is adsorbed to the platelet, forming a film which interferes with the normal 
processes. The final proof of the suppositions can be obtained only by a 
critical study of the degree of adsorption of the expander to the platelet 
and the physiological processes involved. 

Prior to the direct approach, it is necessary to learn more about the 
behavior of an expander on adsorption to solid surfaces, as well as tech- 
niques whereby this phenomenon can be affected. Dextran was chosen 
because it is the principal blood plasma expander in use in this country, 
is readily available, and is known to require membrane conditioning for 
osmotic pressure measurements. Collodion membranes are used because 
they can be fairly uniformly cast. The rate of adsorption of radioactively 
labeled dextran alone and in the presence of sodium chloride, serum al- 
bumin, and three surface-active agents was determined during a 52-hour 


period. 
Il. MATERIALS 


Films were cast from Merck collodion solutions over mercury using 
47 ml. of the 5% solution and confining the film within a metal ring 12 cm. 
in diameter. The solvents were permitted to evaporate while in an un- 
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covered petri dish. The membranes were stored in a cabinet with slight 
leakage for 114 hours, and then immersed in distilled water to displace 
the residual solvents. Ten discs, approximately 2.8 cm. in diameter, were 
cut from each of the films. Each disc was suspended in distilled water by 
an S-shaped nichrome hook for 4 days to achieve equilibrium swelling 
conditions. : 

The dextran fraction, number average molecular weight 35,000 and 
activity 60 uc./g., was radioactively carboxy-labeled at the National 
Bureau of Standards by means of C™ cyanide, using the method of Isbell 
(10). The activities were measured with a PC-1 Proportional Counter.’ 

The serum albumin was human fraction V, and of the three detergents 
the first had a positive surface-active group (Hyamine 1622),‘ the second 
a negative group (sodium dodecyl sulfate),° and the third was neutral 
(Triton X100).4 


Ill. SraristrcaL ConTROL 


In designing an experiment of the nature discussed here, it is essential 
to take a number of precautions aimed at the elimination of factors that 
may impair the reliability of the results. In the present case an important 
potential source of error is possible variability between different collodion 
castings. Another factor of variability is the possibility of drift in the in- 
strument. Unless proper attention is given to both of these factors, spurious 
differences in the data may appear that are due neither to the nature of the 
solution nor to the time of exposure. The entire study was therefore di- 
vided into two series with overlapping experiments, which were carried 
out and analyzed separately. 


1. First Series 


In view of the large number of combinations that are of interest—6 
solutions at each of 10 exposure times—it was decided to run only duplicate 
specimens for each of these 60 combinations. Since each sheet of collodion 
provided only 10 specimens, this required the casting of 12 sheets, and an 
unavoidable subdivision of the measurements into groups of 10. The design 
of the experiment must allow for the evaluation of differences among sheets 
so that all 60 combinations can be compared without the interference of 
sheet-to-sheet variability. Furthermore, in order to counteract possible 
effects of drift in the measuring instrument, the measurements were also 
subdivided in a different manner, into 10 groups of 12, in such a way that 
all measurements within a group (a “run”) were made consecutively 
without substantial interruptions. The complete design is shown in Table I, 

* Manufactured by Nuclear Measurements Corporation. 


* Obtained from Rohm and Haas Company. 
* Prepared at the National Bureau of Standards. 
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TABLE I 
Design of First Series 
Activity Exposure Sheet Exposure Sheet 
counting time time 
set® (code)? | 99 31 25 24 «3021 (code)? [47 22 26 «20 2823 
if 8 ACHE Neha nel). s. Ba C 2 CREE arAG * Btn oD 
2 1 Bip Aten Cpl os aeD), 10 Bae CamD) (Ee Baws 
9 7 Bie Dr Aw B Canb 9 Bethe, sAel oD ab 
4 5 ieee ant Dat Ce Age Et 3 ape deh 1) 1B) A CO, 
1 6 Cay Peet bag As pDAE 4 DarAssity i Cask 
3 10 1) 2G) AD ABP ay IN 8 Hoek aD) eb. Co oA 
6 9 Baie Bias, .D ak 1 IN > {Oe 19" AD 1B) 18} 
10 3 Wa Wey Pa Dy AE Uf DirAsehy (C>_BaeE 
5 4 Die tAt ae Dat ek on 5 Baebes vA hams 
8 2 OPP By aD) 6 Rap BaAg sD: Shc 


2 Numbers refer to the order in which experiments were done. 
» See Tables III-VI for exposure times corresponding to code numbers. 
¢ The letter entries refer to solutions listed in Table II. 


in which the letters represent the 6 solutions, the rows correspond to runs 
of measurements, and the columns represent sheets of collodion. This 
design, together with the appropriate method of analysis, is described in 
reference (11). 


2. Second Series 


A similar design was used in the second series of experiments, except 
that 80 combinations rather than 60 were examined. This required the use 
of 16 sheets of 10 specimens each. 


TV. EXPERIMENTAL 


The solutions used in the series appear in Table II. The discs were im- 
mersed in the solutions by means of metal hooks; eight stainless steel 
vessels were used. In this manner both sides of the discs were exposed to 
the solution. The solutions were stored during the exposure periods at 
BC. 

After each predetermined exposure time, the discs were removed from 
the containers and gently washed for 14 hour by immersion in a distilled 
water bath in which the water was constantly changed at the rate of 
40 ml./min. This was done in order to remove any dextran not actually 
adsorbed to the disc. It is realized that some of the adsorbed dextran 
may have been removed from the membrane in the washing procedure, 
but by means of duplicate discs and overlapping experiments, the tech- 
nique was shown to be reproducible and therefore the data are comparable. 

After washing, each of the discs was placed between two glass plates 
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TABLE II 
Solutions? 
Code Solution Series 
A 0.1% Dextran in water I 
A’ 0.1% Dextran in water It 
B 0.1% Dextran + 0.35% human serum albumin in water i 
Cc 0.1% Dextran + 0.1% cationic detergent in water I 
C’ 0.1% Dextran + 0.1% cationic detergent in water II 
D 0.1% Dextran + 0.15M sodium chloride in water I 
D’ 0.1% Dextran + 0.15M sodium chloride in water II 
E 0.1% Dextran + 0.15M sodium chloride in water I 
0.1% Dextran + 0.35% human serum albumin in water 

F 0.1% Dextran + 0.15M sodium chloride in water I 
0.1% Dextran + 0.1% cationic detergent in water 

Fk’ 0.1% Dextran + 0.15M sodium chloride in water II 
0.1% Dextran + 0.1% cationic detergent in water 

G 0.1% Dextran + 0.1% anionic detergent in water II 

H 0.1% Dextran + 0.1% nonionic detergent in water II 

I 0.1% Dextran + 0.15M sodium chloride in water II 
0.1% Dextran + 0.1% anionic detergent in water 

J 0.1% Dextran + 0.15M sodium chloride in water II 


0.1% Dextran + 0.1% nonionic detergent in water 


¢ The code letters are referred to in later tables, and the numbers in the right col- 
umn indicate the experimental series in which they were used. 


held firmly in place with strips of cellulose tape. While being held between 
the plates, the discs were air-dried for 3 days, followed by infrared exposure 
for 8 hours. This procedure was followed to minimize deformity of the 
discs due to shrinkage. 

The procedure for counting, as recommended by the manufacturer of 
the Counter, was kept uniform throughout the series. Each disc was dis- 
charged by touching it with a brass rod before closing the chamber. The 
chamber was flushed with P-10 gas (90% argon, 10% methane) prior to 
each measurement and the time setting for the counting period was ad- 
justed to the activity (counts per minute) of the disc. 


V. RESULTS AND CONCLUSIONS 
1. First Series 


The statistically corrected® data for aqueous solutions of dextran, dex- 
tran and serum albumin, and dextran and the cationic detergent are shown 
in Table IIT and plotted in Fig. 1 as the log activity versus exposure time. 
It can be seen that the changes in slope of all the systems are practically 
identical. The amount of dextran sorbed to the disc when in solution with 
the cationic detergent is much greater than without it. The detergent 


* See Section VI of this paper. 
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could conceivably cause greater adsorption either because of the charge 
deposited on the dextran or membrane surface or because it is changing 
the character of the solvent environment, thereby affecting the configura- 
tion of the polymer molecule. The latter supposition is less likely than the 
former one. Serum albumin, on the other hand, decreases the amount of 
dextran adsorption, indicating that it is preferentially adsorbed to the 
surface, thereby occupying sites otherwise available to the dextran. In 
addition, the albumin molecules present in the solution close to the sur- 
face probably inhibit the transfer of dextran from solution to surface. It 
can be seen on the curves that there is a rapid initial rise during the first 


TABLE III 


Sorption of Dextran to Collodion Membranes in the Presence of Human Serum Albumin 
and a Cationic Detergent 


Solution Exposure Exposure Log activity 
(code) time time (average of 2 
(code) (hours) determinations) 

A 1 1.50 2.145 

2 2.50 2.290 

3 3.50 2.475 

4 4.50 2.485 

5 6.50 2.710 

6 8.50 2.615 

4 22.50 3.150 

8 29.50 3.140 

9 46.50 3.310 

10 52.50 3.315 

B 1 1.42 1.920 

2 2.42 2.150 

3 3.42 2.330 

4 4.42 2.270 

5 6.42 2.385 

6 8.42 2.455 

7 22.42 2.720 

8 29.42 2.905 

9 46.42 2.980 

10 52.42 3.050 

C 1 1.25 38.145 

2 2.25 3.245 

3 3.25 3.395 

4 4.25 3.485 

5 6.25 3.535 

6 8.25 3.610 

i 22.25 3.870 

8 29.25 3.945 

9 46.25 3.965 

10 52.25 3.975 
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Fig. 1. Log activity versus exposure time: sorption of C' dextran to collodion in 
presence of cationic detergent or human serum albumin. 


to) 


10 hours, followed by a leveling off. This would seem to indicate that 
during the early exposure periods the dextran was being adsorbed to the 
disc surface rather rapidly. Diffusion of the dextran into the pores of the 
collodion membrane probably begins to be appreciable soon after the 
initial adsorption period. In the later periods both adsorption and diffusion 
occur, with adsorption probably being near equilibrium and diffusion the 
major element. 

Data for the solutions appearing in Fig. 1 with 0.15 M sodium chloride 
added are shown in Table IV and Fig. 2. The curve for the solution of 
dextran in water is repeated from Fig. 1. The addition of chloride ion has 
probably given the dextran molecule sufficient charge, most likely by 
adsorption, to increase its affinity for the collodion surface. Dextran 
approaches equilibrium with the surface more rapidly in the presence of 
the cationic detergent plus sodium chloride than without the salt. This 
effect also occurs if, instead of detergent, serum albumin is used. It should 
be noted that the presence of serum albumin in 0.15 M saline decreases 
the amount adsorbed by a factor of 10. In the last two sets of data the 
rate of adsorption decreased markedly after 5 hours. 


2. Second Series 


In this section the effects of two additional detergents on the sorption 
of dextran were investigated: an anionic detergent and a nonionic one. 
Here again both aqueous and saline solutions were used. The study, using 
aqueous and saline solutions of dextran and aqueous and saline solutions 


TABLE IV 


Sorption of Dextran to Collodion Membranes in the Presence of Sodium Chloride with 
Human Serum Albumin and a Cationic Detergent 


‘teode} lee agit (onnags oF? 
(code) (hours) determinations) 
D 1 1.08 2.360 
2 2.08 2.585 
3 3.08 2.715 
4 4.08 2.715 
5 6.08 2.870 
6 8.08 3.025 
7 22.08 3.380 
8 29.08 3.415 
9 46.08 3.665 
10 52.08 3.635 
E 1 1.00 2.085 
2 2.00 2.330 
3 3.00 2.320 
4 4.00 2.485 
5 6.00 2.455 
6 8.00 2.600 
7 22.00 2.455 
8 29.00 2.505 
9 46 .00 2.545 
10 52.00 2.520 
F 1 0.83 2.575 
2 1.83 2.685 
3 2.83 2.820 
4 3.83 2.850 
5 5.83 2.970 
6 7.83 2.995 
7 21.83 3.105 
8 28 .83 Dos leles 
9 45.83 3.220 
10 51.83 3.225 


4.0 


Dextran, NaCl 


Dextran 


3.0) Dextran, Cationic Det, NaCl 
Dextran, Alb., NaCl 


2.0 


LOG ACTIVITY (counts/minute) 


(0) 10 20 30 40 50 60 
EXPOSURE TIME (hours) 
Fria. 2. Log activity versus exposure time: sorption of C™ dextran to collodion in 
the presence of sodium chloride, cationic detergent, or human serum albumin. 
345 


346 ROTHMAN, MANDEL, McCANN AND WEISSBERG 


TABLE V 


Sorption of Dextran to Collodion Membranes in the Presence of Cationic, Anionic, and 
Nonionic Detergents 


Solution Exposure Exposure Log activity 


(code) ime ime (average of 2 
(code) (hours) determinations) 
Ad 1 1.33 2.039 
2 2.33 2.349 
3 3.33 2.382 
4 4.33 2.437 
5 5.33 2.566 
6 6.33 2.589 
7 24.33 2.996 
8 29.33 3.129 
9 49.33 3.179 
10 53.33 3.248 
Gs 1 1.25 3.026 
2 2.25 3.229 
3 3.25 3.287 
4 4.25 3.379 
5 5.25 3.358 
6 6.25 3.448 
7 24.95 3.807 
8 29.25 3.755 
9 49.25 3.912 
10 53.25 3.897 
G 1 17 1.699 
2 2.17 1.982 
3 3.17 2.117 
4 4.17 2.152 
5 5.17 2.278 
6 6.17 2.189 
a 24.17 2.699 
8 29.17 2.563 
9 49.17 2.756 
10 53.17 2.700 
ial 1 1.08 1.660 
: 2.08 1.799 
3 3.08 1.667 
: 4.08 1.796 
5 5.08 1.817 
6 6.08 1.638 
7 24.08 1.957 
8 29.08 1.894 
9 49.08 2.001 
10 53.08 1.879 
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Fig. 3. Log activity versus exposure time: sorption of C4 dextran to collodion in 
the presence of cationic, anionic, or nonionic detergents. 


10 


of the cationic detergent and dextran, were repeated in this series to be 
certain that the procedures and techniques were reproducible within ex- 
perimental error; this was found to be true. 

In Table V and Fig. 3 are shown the rates of sorption of dextran from 
aqueous solutions of dextran, dextran and cationic detergent, dextran 
and anionic detergent, and dextran and nonionic detergent. Here again 

is evidence that the slopes of all the curves are very similar. The amount 
of dextran adsorbed is less in the presence of the anionic detergent and 
still less in the presence of the nonionic detergent. It can be seen that the 
dextran adsorption differs by a factor of 100, depending on whether the 
cationic or nonionic detergent is present. 

Data for the solutions appearing in Table V with 0.15 M sodium chlo- 
ride added are shown in Table VI and plotted in Fig. 4. The amount of 
dextran sorbed in the presence of the anionic detergent and sodium chlo- 
ride is little different from the amount sorbed without the detergent. The 
nonionic detergent, on the other hand, causes a more than tenfold decrease 
in the amount sorbed. It has been shown (12) that the nonionic detergent 
molecule can lie flat on the surface due to hydrogen bridges; if this were 
the case, it would account for the large decrease in dextran adsorption. 


VI. SratisticAL ANALYSIS OF THE Data 


1. First Series 


Because of the wide range covered by the data (the largest count was 
approximately 100 times greater than the lowest), a logarithmic trans- 
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TABLE VI 


Sorption of Dextran to Collodion Membranes in the Presence of Sodium Chloride with 
Cationic, Anionic, and Nonionic Detergents 


Solution Exposure Exposure Log activity 
(code) time ime (average of 2 
(code) (hours) determinations) 
D’ 1 1.00 2.300 
2 2.00 2.604 
3 3.00 2.705 
4 4.00 2.859 
5 5.00 2.890 
6 6.00 2.963 
7 24.00 3.425 
8 29.00 3.440 
9 49.00 3.545 
10 53.00 3.493 
F’ 1 0.92 2.550 
2 1.92 2.761 
3 2.92 2.849 
4 3.92 2.849 
5 4.92 2.839 
6 5.92 2.900 
i 23.92 3.001 
8 28 .92 3.032 
9 48 .92 3.082 
10 52.92 3.022 
I 1 0.83 2.054 
Pe 1.83 2.362 
3 2.83 2.536 
4 3.83 2.577 
5 4.83 2.785 
6 5.83 2.753 
a 23.83 3.304 
8 28 .83 3.385 
9 48 .83 3.461 
10 52.83 3.539 
J 1 0.75 1.941 
2 eres 2.128 
3 Dao Vim W7 
4 Seo 2.079 
5 4.75 2.139 
6 5.75 2.198 
i 23.75 2.230 
8 28.75 2.328 
9 48.75 2.489 
10 52.75 2.477 
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Fig. 4. Log activity versus exposure time: sorption of C'4 dextran to collodion in 
the presence of sodium chloride and cationic, anionic, or nonionic detergents. 


TABLE VII 
Breakdown of Error in First Series (Logarithms of Counts) 
Source of variation Degrees of Mean square 
freedom 
Duplicates (not corrected) 60 0.0069 
Sheet-to-sheet variation 11 0.0185 
Activity counting sets 9 0.0036 0.0043 
Duplicates (corrected) 40 0.0045) * 
TABLE VIII 
Breakdown of Error in Second Series (Logarithms of Counts) 
Source of variation Degrees of Mean square 
freedom 
Duplicates (not corrected) 80 0.0056 
Sheet-to-sheet variation 15 0.0158 
Activity counting sets 9 nee 0033 
Duplicates (corrected) 56 0.0034) ~ 


formation was made prior to analysis. The method of analysis described 
in reference (11) was applied to the logarithms of the counts. The break- 
down of the error, in terms of mean squares, is given in Table VII. This 
table leads to the conclusion that there was no drift in the instrument. It 
also shows conclusively that part of the variability between duplicate discs 
is due to differences between sheets. By correcting the data for this effect, 
the error mean square for logarithms of counts is reduced from 0.0069 to 
(0.0043. In terms of the precision of counts, this represents a reduction in 
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the coefficient of variation of a single count from 19% to 15%. The cor- 
rected average of duplicate measurements has a coefficient of variation of 


about 11%. 


2. Second Series 


The breakdown of error is given in Table VIII. The conclusions are 
similar to those drawn from the results of the first series. The estimated 
over-all precision is comparable to that found in the first series. 

Combining the information from both series, it can be stated with 95% 
confidence that the position of any point in Figs. 1 to 4 is not likely to be 
in error by more than 0.08 on the logarithmic scale. 


VII. SuMMARY 


The sorption of radioactively labeled dextran to collodion membranes 
was studied in the presence of 0.15 M sodium chloride, serum albumin, 
and three specific detergents. It was shown that dextran is adsorbed to 
collodion and that this process is time dependent and may take up to 
50 hours to reach a stable state. It can be seen that, in order to obtain 
reliable osmotic pressure measurements with this system, it is necessary 
to “condition” the membrane to the solution for a sufficient time to achieve | 
adsorption equilibrium. 

Evidence is given that the amounts of dextran adsorbed to the surface 
can be varied depending upon the presence of an additional solute com- | 
ponent. In terms of the physiological applications of dextran, it is interest-. 
ing to note that serum albumin decreases the amount of dextran adsorbed. 
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ABSTRACT 


The influence of pH and ionic strength on the molecular weight of insulin, meas- 
ured by the surface balance technique, has been studied. The balance employed was 
considerably more sensitive than that used by Fredericq in a previous study, and it 
enabled measurements to be made at much lower surface concentrations. The value 
of ~ 6000 for the molecular weight of insulin spread on 0.01N hydrochloric acid found 
by Fredericq has been confirmed. However, at higher pH values, where Fredericq 
observed increased molecular weights, it is shown that at very low surface concen- 
trations the molecular weight tends towards ~ 6000, association being favored as the 
surface concentration is increased. An increase in ionic strength is shown to have 
different effects at the isoelectric point and at pH values removed from this point; 
in the former case it has a dissociating effect and in the latter, an associating effect, 
although at infinite dilution the molecular weight tends to ~ 6000. These effects and 
that of pH are discussed in terms of the Coulombic and non-Coulombic forces operat- 
ing in the system. 


INTRODUCTION 


For several years there has been considerable controversy regarding the 
“minimum” molecular weight of insulin and the association-dissociation 
phenomena which this protein undergoes on change of pH and ionic 
strength. Until recently most of the data available from such different 
experimental methods as osmotic pressure (1), ultracentrifuge (2, 3), and 
light scattering (4) pointed to a value in the vicinity of 12,000 for the 
molecular weight of the minimum subunit. In 1950 some ultracentrifuge 
measurements by Fredericq and Neurath (5) suggested a value of the 
order of 6000, but a subsequent re-examination of these measurements by 
Tietze and Neurath (6) led to a molecular weight of approximately 12,000, 
in conformity with the values of most previous workers. 

The question of the minimum molecular weight assumed considerably 
greater proportions with the publication by Sanger and co-workers (7, 8) 
of the complete amino acid sequences of the A and B chains of oxidized 
insulin. The minimum molecular weight calculated from their data is 
approximately 5700, but a value of twice this figure was possible, depending 
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upon whether the four disulfide bonds in the intact insulin molecule inter- | 
linked four chains or whether only two chains were linked, the remaining | 
two disulfide bonds being of an intra-chain nature. Support for the latter | 
alternative has recently been given in a study by Sanger, Smith, and |) 
Kitai (9) of the cystine peptides in degradation products of unoxidized |) 
insulin. |) 

Further evidence for the lower value has come from the results of Harfen- ||| 
fist and Craig (10) using the method of partial substitution by 1-fluoro- | 
2,4-dinitrobenzene followed by solvent partition. Similar values have || 
also been found under conditions favorable to dissociation by Kupke and | 
Linderstrgm-Lang (11) from osmotic pressure measurements using con- | 
centrated guanidinium hydrochloride solutions as solvent; also by Fred- |) 
ericq (12) from ultracentrifuge data using alkaline dioxan solutions as ||; 
solvent. Fredericq (13), using Guastalla’s technique (14), has also obtained ||) 
a value of approximately 6000 from a study of monolayers of insulin |} 
spread on subsolutions of 0.01 N hydrochloric acid. Fredericq used this |j) 
technique to investigate the variation of the molecular weight of insulin |} 
with pH—a particularly suitable method since it has the advantage of |} 
enabling protein films to be studied under conditions in which they are 
insoluble in bulk solution. However, closer examination of Fredericq’s | 
data reveals that, owing to the limited sensitivity of the apparatus used, |] 
some measurements were made at relatively high surface concentrations of || 
protein where considerable interaction might be expected. This introduces || 
serious uncertainties into the extrapolation of the FA-F curve to zero \ 
pressure, particularly in the vicinity of the isoelectric point. Previous |}, 
work by the present author (15) had indicated interesting effects of ionic | 
strength on the F-A curves in this region for insulin monolayers at higher |} 
surface concentrations. This paper reports the results of an investigation | 
of the effect of pH and also of ionic strength on insulin monolayers at |} 
lower surface concentrations with the use of a considerably more sensitive | 
surface balance than that described by Fredericq. 


EXPERIMENTAL 


The surface balance used was of the horizontal-float type previously | 
described (15). The only modification was the construction of the trough |} 
and barriers from polytetrafluoroethylene (‘‘Teflon’’) in place of paraffined | 
glass. This gave freedom from contamination and ease of cleaning. The | 
sensitivity of the balance was such that changes in surface pressure of |} 
approximately 0.3 millidyne/em. could be measured. 

The sample of crystalline insulin used was supplied by Boots Pure il 
Drug Co., sample number 9095/193. A 1% (w/v) solution in 0.03 N hydro- 
chloric acid was dialyzed through cellophane against several changes of the 
same solvent in order to free the insulin from zinc (Oncley et al. (3)). The 
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Fig. 1. F-A and FA-F curves for insulin films spread on subsolutions of pH 2.05 and 
differing ionic strength. Curve A: T'/2 = 0.01; B: 1/2 = 0.1; C: P/2 = 0.2; D:T/2 = 
0.5. Some values given by Fredericq (13) are also shown for the range in which the 
two sets of data overlap. 


concentration of the protein solution was determined by the micro-Kjeldahl 
procedure, assuming the nitrogen content of the protein to be 15.5% (16). 
The spreading solution was prepared by quantitative dilution of the stock 
solution to approximately 0.01 % (w/v) with 0.01 N hydrochloric acid and 
was made 0.1 % (v/v) with respect to isoamy! alcohol to facilitate spread- 
ing on subsolutions of low ionic strength.! The surface concentration was 
increased and the F-A curve built up by successive additions of the spread- 
ing solution; drops of the latter were gently touched against the surface of 
the subsolution. 

All water used was doubly distilled, the second time from alkaline 
permanganate in a well-steamed Pyrex glass still. Buffer salts and potas- 
sium chloride were of analytical reagent quality, and the buffer solutions 
were allowed to stand overnight before use. This allowed surface-active 
impurities to accumulate at the surface, the solution to be used being 
drawn off from below the surface. The buffers used in the pH range 1-8 
were hydrochloric acid, sodium acetate-hydrochloric acid, and borax- 


1 It was shown that identical results were obtained whether or not the alcohol was 
present, only the rate at which equilibrium was attained being affected. 
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Fig. 2. F-A and FA-F curves for insulin films spread on 0.1N hydrochloric acid 
subsolution, pH 1.20. 
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Fie. 3. F-A and FA-F curves for insulin films spread on subsolution of pH 2.81 | 
and ionic strength 0.5. 
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Fig. 4. F-A and FA-F curves for insulin films spread on 0.5 ionic strength sub- 
solutions of pH 4.02 and 4.88. 
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Fic. 5. F-A and FA-F curves for insulin films spread on the following subsolutions: 
Curve A: pH 5.47 and ionic strength 0.01; B: pH 5.49 and ionic strength 0.5. 
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Fie. 6. F-A and FA-F curves for insulin films spread on 0.5 ionic strength sub- 
solutions of pH 6.48 and 7.86. 
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Fig. 7. F-A and FA-F curves for insulin films spread on the following subsolu- 
tions: Curve A: pH 8.48 and ionic strength 0.01; B: pH 8.53 and ionic strength 0.5. 
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hydrochloric acid, all of ionic strength T/2 = 0.01. All measurements 
were made at room temperature (18°-22°C.). 


RESULTS 


The surface pressure-area (F', millidyne/em.; A, m.?/mg.) curves for 
insulin spread on a number of subsolutions ranging in pH from 1.1 to 8.6 
are shown in Figs. 1-7. In general the total ionic strength of the subsolu- 
tion was 0.5, prepared by adding sufficient potassium chloride to. the 
I'/2 = 0.01 buffer solution. In certain cases, as noted in the figure legends, 
the concentration of potassium chloride was varied to permit the effect 
of ionic strength to be studied. In the insets to each figure the results are 
plotted in the form FA-F (Bull (17)). The inset to Fig. 1 also shows the 
values of Fredericg (13) over the range in which the two sets of data 
overlap. 


DISCUSSION 
Results at pH 2.05 


It is initially of interest to consider the results shown in Fig. 1, Curve 
A, for insulin spread on a subsolution of 0.01 N hydrochloric acid, that is, 
under the conditions where Fredericq’s results (13) led to a molecular 
weight of approximately 6000. The present results extend to much lower 
surface pressures and higher areas than Fredericq’s values; nevertheless, 
on this subsolution agreement between the two sets of data is satisfactory 
in the range in which they overlap and they both extrapolate to a value 
of (FA)r-o of approximately 430. On the assumption that at infinite 
surface dilution ideal conditions prevail, substitution in the equation 
FA =(1/M)RT, where M is the number-average molecular weight and 
R and T the gas constant and absolute temperature, respectively, gives a 
molecular weight of approximately 5500. 

In deriving an equation of state for monolayers at low surface concentra- 
tion, Bull (17) has pointed out the analogy between surface pressure and 
osmotic pressure. It is clear that the floating boom which separates the 
film-covered surface from the free surface may be regarded as a semi- 
permeable membrane and thus the surface pressure may be related more 
closely to a two-dimensional osmotic pressure than to a two-dimensional 
gas pressure, as was done by Guastalla (14). In this case, it might be 
argued that, under the conditions of acid pH and low ionic strength in 
which this film was studied, there would be a considerable Donnan effect 
which would make difficult the extrapolation of the /A-F curve. However, 
curves obtained under conditions of higher ionic strength, where the Don- 
nan effect would be eliminated, also tend to the same value of (FA) roo 
(see below), suggesting that the extrapolation is valid. It is therefore 
established that, at least under the conditions of Fig. 1, curve A, we are 
dealing with the minimum subunit of insulin. 
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TABLE I 
Insulin Spread on Subsolutions of pH 2.05 and Differing Ionic Strength 
Tonic strength “Apparent” molecular weight 
0.01 5.5 X 103 
0.1 Hoe) Sx ANGE 
0.2 ot S< le 
0.5 10.0 X 10 


In view of the effects of ionic strength on the F-A curves for insulin at 
higher surface concentrations, previously reported by the author (15), 
Fig. 1 shows also the effect of ionic strength on the present F-A curves at 
pH 2.05. Increase in ionic strength has a marked effect in that the FA-F 
curve is no longer linear over the whole range investigated, but shows a 
sharp upward turn in the region of low pressures and surface concentra- 
tions. Although the experimental accuracy is not sufficient to allow an 
effective extrapolation of the curves to the FA ordinate?, all curves in 
Fig. 1 tend towards a value of (/'A)r—0 ~ 400, corresponding to a molecu- 
lar weight of ~6000. By analogy with osmotic pressure the negative 
deviations from linearity observed in the FA-F curves B, C, and D indi- 
cate association of the monomer units as the surface concentration is in- 
creased. As the ionic strength increases, the surface pressure at which 
deviations from linearity occur decreases, so that at the highest ionic 
strength investigated the deviation is barely perceptible. Thus, unless the 
system is investigated with the use of a surface balance at least as sen- 
sitive as that used in the present study, these phenomena will not be 
observed. 

From these results it appears that at very low surface concentrations the 
insulin exists as a “monomer” of molecular weight ~6000, irrespective of 
ionic strength. Since the insulin molecule carries its maximum positive 
charge at pH 2, it might be expected that at low ionic strength the repulsive 
Coulombic forces outweigh the attractive van der Waals and hydrogen- 
bonding forces at all surface concentrations studied. Thus the insulin 
remains in the monomeric form and the FA-F curve is linear. However, 
as the ionic strength is increased, the Coulombic interaction is reduced to 
such an extent that a certain amount of association can occur at higher 
surface concentrations (where the distance between molecular centers 
decreases). Oncley et al. (3), Steiner (18), and Gutfreund (1) have already 
observed that increased ionic strength favors association in acid solutions 
of insulin in the bulk phase. This association is probably an equilibrium 
process so that, by extrapolating the linear portions of the curves, the 
“apparent” molecular weights obtained might be expected to reflect the 


‘i To extrapolate with any certainty the sensitivity of the apparatus would have to 
be increased tenfold. Even if this could be done, the contribution of surface-active 
impurities would probably be sufficient to prevent accurate values being obtained. 
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equilibrium between monomer and polymer units. These values are shown 
in the second column of Table I and suggest that at pH 2.05 the highest 
polymer formed in the range of ionic strengths investigated is the dimer, 
of molecular weight ~11,000. 


Results at pH 1.1 


Fredericq (13) found that the molecular weight of insulin spread on 
0.1 N hydrochloric acid was “about 12,000.” However, the results given in 
his paper show that the lowest surface pressure recorded was approximately 
200 millidyne/cm., corresponding to an area of ~2 m.2/mg. Figure 2 
shows, on the other hand, that in the region of much lower surface pres- 
sures the /.A-F curve again bends upward and tends to a value of (FA) ro, 
corresponding to a molecular weight of ~6000. Comparison with curve B 
in Fig. 1 giving the results at ionic strength ['/2 = 0.1 shows that the two 
curves are very similar. This is to be expected since the main effect of 
passing from a subsolution of 0.01 N hydrochloric acid to one of 0.1 N 
hydrochloric acid is to increase the ionic strength. 


Results from pH 2.05 to the Isoelectric Pownt 


As the pH is increased above 2.05 (Figs. 3-5), the effect (at constant 
ionic strength, 0.5) on the F-A and FA-F curves is similar to that of in- 
creasing ionic strength at pH 2.05 in that association is favored. The 
Coulombic interaction is reduced in this case because of the decreased net 
charge on the molecule rather than from an electrostatic screening effect 
due to increased ionic strength. With the exception of the results in Fig. 5, 
curve A, where the surface pressures involved are too low to allow any 
valid deduction, it is not inconsistent with the results to suggest that all 
FA-F curves in Figs. 3-5 extrapolate to a value of (FA) r—0, corresponding 
to a molecular weight of ~6000. Extrapolation of the linear portions of the 
curves yields the apparent molecular weight values shown in Table II, 
suggesting that polymers considerably greater than the dimer are formed. 
When these higher polymers are formed, the experimental accuracy is 
lowered by the fact that aggregation seems to occur at a finite velocity 
and equilibrium is attained only very slowly. With each successive addi- 
tion of spreading solution there is a sharp rise in surface pressure, com- 
parable with that observed at pH 2.05 (..e., with only monomer or dimer 
present), followed by a slow decrease. Readings were taken when the 
surface pressure was constant for 5 min., but additional slow changes 
almost certainly occurred in some cases, indicating even further aggrega- 
tion. This effect does not seem to have been observed directly before, 
probably because of the longer time interval necessary in most methods 
between preparation of the solution and the taking of the first reading. 
However, it is interesting that Oncley et al. (3) state that their ultracentri- 
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fuge results on boundary spreading could be better explained if equilibrium 
took a finite time to be reached. 

In a previous investigation of insulin monolayers at higher surface con- 
centrations it was found (15) that an increase in ionic strength resulted in 
an increase in surface pressure in the vicinity of the isoelectric point, in 
contrast to the decrease observed at acid and alkaline pH values. Figure 5 
shows the effect of ionic strength in the range of surface concentrations 
investigated in the present study. Assuming that both FA-F curves extra- 
polate to the same (F'A)r—o value at infinite surface dilution, it is evident 
from Fig. 5 and from the apparent molecular weight values in Table II 
that aggregation is considerably greater at low ionic strength than at 
high ionic strength. Moreover, the time effect of aggregation is much more 
pronounced at low ionic strength. Since the net charge on the molecule is 
very low in this region, it seems likely that change in ionic strength affects 
not only the Coulombic repulsive forces but also the non-Coulombic 
attractive forces. Thus, at any particular pH the net effect of changing 
ionic strength is a balance between its opposite effects on Coulombic and 
non-Coulombic interactions. The disassociating effect of increased ionic 
strength in the vicinity of the isoelectric point probably explains the low 
value of 10,000 obtained for the molecular weight at pH 4.5 by Allen and 
Alexander (19), even though their lowest recorded pressure was ~20 
millidyne/em. They used a 25% ammonium sulfate solution, ['/2 ~ 6, as 
subsolution. 


Results on the Alkaline Side of the Isoelectric Point 


Figures 6-7 show that as the pH is increased beyond the isoelectric | | 


point the effects are similar to those on the acid side. As the pH increases 
the extrapolation of the linear parts of the F A-F curves (Table IT) provides 
evidence for decreasing aggregation. Furthermore, measurements at the 
highest pH investigated show that an increase in ionic strength again 
causes aggregation, parallel with the observations at pH 2.05. Measure- 


TABLE II 

Insulin Spread on Subsolutions of Differing pH and Ionic Strength 
pH Tonic strength “Apparent”? molecular weight 
1.20 0.5 AO o< OE 
2.81 0.5 OES axe 108 
4.02 0.5 10.0 X 103 
4.88 0.5 15.0 X 103 
5.47 0.01 — NOOSE Gel 0s 
5.49 0.5 20.9 X 103 
6.48 0.5 13.7 X 103 
7.86 0.5 1259) KX L0§ 
8.48 0.01 5.3 X 103 
8.53 0.5 Dor? X< WO: 
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ments could not be made at pH values greater than 8.6, partly because of 
the difficulty of maintaining the pH constant with such a large surface 
exposed to an atmosphere containing CO., and also because of the difficulty 
of obtaining a clean surface at the solution-air interface. Despite the most 
rigorous cleaning procedures, surface-active material continually appeared 
at the interface at high pH values. 


The author wishes to thank Mr. I. J. O’Donnell and Mr. E. F. Woods 


for helpful discussions. 
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ABSTRACT 


The micro- and macromanometer technique for the determination of molecular 
weight has been applied to a polyester (m.w. = 4000). The polymer was studied in 
several solvents; the values obtained for the molecular weight are practically the 
same. However, the surface area occupied by one molecule is a function of the sol- 
vent. This result leads to the hypothesis that a molecule deposited on the surface 
is more or less spread out depending on the degree of solvation. 


I. INTRODUCTION 


Surface monolayers at great dilutions can be considered as surface gases. 
These gases obey the Mariotte Law (in two dimensions) PS = RT either 
for a fairly extended region (tricapryline) or as a limiting law at great 
dilutions (myristic acid) (1). Putting nonvolatile substances in the gaseous 
state (as in osmometry) permits the determination of molecular weights. 
The first attempt at such determination was made on protein films in 
1939 (2). Since then, this technique has hardly been used for reasons essen- 
tially practical. The problem to be solved is the measurement of the ex- 
tremely small pressures. 

Recently, G. C. Benson and R. L. MacIntosh (3) deduced from their 
experiments in spreading polymers of polyvinyl acetate on water the im- 
possibility of extrapolating surface pressure vs. surface area curves for 
calculating molecular weights. 

In 1946, J. Guastalla tried to determine the molecular weight of several 
samples of polyvinyl chloride with the help of this technique; the study 
was discontinued because of poor results. Nevertheless, we have kept an 
important hypothesis, namely, that a molecule will probably keep the 
same shape in the gaseous monolayer state that it has in solution. M. Abri- 
bat and J. Pouradier (4) have confirmed this idea in the case of cellulose 
acetate. 

Except for the above-mentioned references, no workers seem to be 
interested in this technique for studying polymers; we felt that by using 
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it we could get more information for determining molecular dimensions 
as well as molecular weights than by other methods. To verify our method, 
we reproduced the molecular weight of myristic acid; before each experi- 
ment we repeated this measurement as a check on the technique. 

We measured the molecular weight of a sample of polyester in solutions 
of different solvents (benzene, acetone, methylethylketone, chloroform, 
and also mixtures of benzene and methanol) and determined the compres- 
sion isotherm in each case with the aid of another apparatus. 

The results obtained with our method checked with the molecular weight 
of the polyester which has been previously determined. This study of the 
behavior of the polymer with different solvents showed us that the molec- 
ular weight obtained was constant and that only the cosurface, defined 
below, was a function of the solvent. 


II. APPARATUS 
The apparatus could be used with either of two measuring devices de- 
veloped by J. Guastalla (1). 
1. Pendulum Surface Manometer (Fig. 1) 


The pendulum surface manometer consists of a metallic piece P hung 
from the roof of the apparatus by two wires of equal length, each of which 
forms a V. The branches of the V are parallel and constrain the piece P 
to move only by translation. All the points of the piece describe ares of 


Fig. 1. Pendulum surface manometer. P: metallic piece hung from root of appa- 
ratus by two wires of equal length, each of which forms a V. B: movable mica barrier 
coated with paraffin. F', M's: vaselinated silk thread. 
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identical circles when one displaces the pendulum from its equilibrium 
position, and the force necessary to maintain it in any position has the 
same value no matter where the point of application is. This force is the 
force directed toward the point of equilibrium and is equivalent to a 
pendulum of the same mass as the piece concentrated at a point attached 
to a weightless suspension of the same length. 

The piece P has two vertical needles which penetrate a movable paraf- 
fined mica barrier B through two holes. The mica is a rectangle with one 
of its longer sides missing and separates the surface, which is confined 
in a floating frame, into two compartments. The separation is assured by 
two vaselinated silk threads /, and F2, each attached to one of the sides 
of the barrier and the frame, which become U-shaped under the action of 
surface pressure. The liquid surface is cleaned in the two compartments 
by dropping calcinated talcum powder on it to detect impurities, which 
can then be removed by blowing the film into one corner of the mica frame 
with compressed air and removing them by suction. A film is spread in 
one compartment where a movable barrier can compress it. The pressure 
exerted by the film on the barrier is determined by the displacement of 
the pendulum piece multiplied ten times by an optical system and pro- 
jected onto a vertical scale. The sensitivity of this apparatus is 0.1 dyne/cm. 


2. Surface Micromanometer Using a Stretched Thread (Fig. 2) 


In the stretched thread micromanometer, a floating rectangular frame 
of paraffined mica is separated into two compartments by a long thread 
of vaselinated silk. A horizontal rod B suspended freely from a vertical 


Fia. 2. Surface micromanometer. B; horizontal rod hung from the torsion wire. 


ie lens which projects image of the stretched thread on the scale. H: graduated scale 
S: light source. 
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torsion wire has a vertical needle at one end; the needle passes through a 
hole in the center of a small piece of paraffined mica floating on the surface. 
The mica is joined to the frame by two silk threads; that on one side is a 
short thread used only to contain the film, that on the other is a long thread 
whose displacement determines the pressure of the film. When a film is 
spread on one side of the surface, the longer silk thread becomes curved 
because of the pressure of the film. The displacement of the center of this 
thread is measured by an optical system; a glass trough allows the trans- 
mission of light to project an image of the thread on a scale. One milli- 
meter deflection on the scale is equivalent to 1/1000 dynes/cm. of surface 
pressure. 

The spreading of a polymer on the water surface, starting with a known 
weight of polymer in solution in several solvents, is done with the aid of 
a very fine pipet previously calibrated. One deposits a certain number of 
drops. 


Ill. Fizxm or tHe PoLyMER 


The curve of compression of a polymer film represented in the coordinate 
surface pressure vs. area is composed of three distinct parts analogous to 
those obtained with films of proteins. 

1. AB, which does not have any change in direction from extremely 
dilute concentration, represents very low surface pressure, and corresponds 
to the gaseous state of the film. 


10 


CONCENTRATION 


Fic. 3. Schematic curve of compression isotherm of a macromolecule. 
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Fra. 4. Surface isotherm of the polyester dissolved in benzene in the gaseous region. 


2. BC represents the transition between the gaseous state and the high- 
pressure curve. 

3. CD corresponds to the curve at high pressure. 

Study of the compression isotherm of the polymer shows a variation in 
the thickness of the molecular layer depending on the nature of the solvent; 
this fact proves that the polymer molecule is more or less spread according 
to the solvent used. Figure 3 represents the compression isotherm of the 
polyester; a similar curve is obtained with the proteins. 


IV. Srupy or tae Gasrous Frum 


As a first approximation, the law of the gaseous film in the limit of 
dilution is PS = RT for 1 mole. The pressure vs. concentration curve in 
the gaseous region of the polyester studied, which would be a straight line 
if the gas were perfect, is concave at higher concentrations. Figure 4 repre- 
sents an isotherm in the gaseous region of a polyester in dissolved benzene. 
In the same way that the introduction of covolume changes the equation of 
perfect gases to an equation better adapted to real gases, we have introduced 
the concept of cosurface (b) which appears to represent the facts better. 


P Snot, — Umely = Ie tot mole, 
PS 1b) = RTM for 1 g., M being the molecular weight, 


or 
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P (1/C — b) = RT/M, C being the surface concentration in g./em., 
from which one deduces 


P (1 — 6C) = (RT/M)C 
1— 0C = (RT/M)C/P. 
Thus, using the idea of a cosurface, the ratio C/P vs. C is a straight line. 
The data bear out this assumption. Figure 5 is a curve C/P vs. C deduced 
from the isotherm of Fig. 4. Extrapolating the line to the x-axis gives the 


value of C/P at infinite dilution, from which the molecular weight, which 
is equal to RT (limit C/P), can be calculated. 


CONCENTRATION 


Fig. 5. Curve C/P vs. C deduced from the isotherm of Fig. 4. 


If the line is extrapolated to the z-axis at the intersection C/P = 0; 
bC = 1, and C = 1/b. The concentration obtained is therefore the inverse 
of the cosurface. From the found value of the cosurface, the space occupied 
by a molecule at zero surface pressure can be easily deduced. 


V. ExpEeRIMENTAL RESULTS 


The polymer chosen was that obtained from the condensation of sebacic 
acid and dioxyethylene glycol which has a formula 


The molecular weight, determined by the number of free hydroxy! groups, 
was close to 4000; the density was determined as 1.1. The polymer was 
insoluble in water, and distilled water was used as the subphase. 
According to the molecular weight of the polymer, n had a value of 
about 15. The chain length of the polymer was about 250 A. 
With the aid of the pendulum surface manometer, the compression 
isotherm of the polyester described above was determined using different 
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Fig. 6. Compression surface isotherm obtained with benzene as the spreading solvent. 


spreading solvents. Figure 6 is the compression surface isotherm obtained 
with benzene as the spreading solvent. With the aid of the surface micro- 
manometer, a value of the molecular weight was determined, and the 
molecular area occupied at zero pressure (Q) was deduced. 

The results are given for different solvents in Table I. The first column 
represents the molecular weight, the second the molecular area Q, the third 
the calculated molecular area at the point corresponding to the end of the 
gaseous state (point B), the fourth the area at high pressure (point C), 
and the fifth the film thickness at point C (oie 

The thickness of the films from different solvents appears to vary in- 
versely with the molecular area. 

From the values of the area obtained at different points, the diameters 
of circles of equal area were calculated. In each of these cases (Table IT), 
from the values given together with the length of the molecule (which is 


TABLE I 
Results Obtained for Different Solvents 
Solvents M Q (A.?) Area in Area in Thickness 
B (A.2) C (A.?) in C (A.) 
C.He 4370 4619 3815 2501 3.19 
CeHs + 10% CH;0H 4370 4691 2670 2202 2.97 
C.Hs + 22% CH30H 4130 5112 2712 2280 2.7 
C,H. + 36% CH;30H 4370 5269 2884 2402 2.6 
CH;—CO—C.H; 3900 3862 2300 1683 4.18 
CHCl; 4130 2863 2000 1482 4.95 


CH;—CO—CH, 3900 2316 1615 964 7.37 
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TABLE II 
Calculated Diameters of Circles of Equal Area 
Solvents Diameter deduced Diameter in Diameter in 

from Q (A.) B (A.) C (A.) 
CoH 76.4 72 56.4 
CoH. + 10% CH;0H 77.4 58.4 52.8 
C,H. + 22% CH;0H 81.4 58.8 53.9 
CeHs + 36% CH;0H 81.6 63.4 55.4 
CH;—CO—C,H; 71 54.1 46.3 
CHCl; 62 52 43.3 
CH;—CO—CH:; 54.4 45.4 36.6 


about 250 jays one can deduce that the spread molecule is always curled 
up even in the best solvent. Jt can be deduced from these tables that the mo- 
lecular weight is constant and is practically independent of the solvent used; 
the molecular area is a function of the solvent and depends directly on the 
extent of solvation. 

Tests made using benzene as solvent with successive additions of from 
10% to 36% methanol seem to show that mixtures of methanol and ben- 
zene are better solvents for the polymer than pure benzene. Tests were 
also made with higher percentages of methanol, but the instability of the 
films led us to believe that the polymer becomes slightly soluble in water. 

That the addition of methyl alcohol (in which the polymer is insoluble) 
to benzene makes it a better solvent can be seen from the solubility of 
propylene glycol in benzene only in the presence of sodium stearate (6). 
We imagine that hydrocarbon chains are easily solvated by the benzene 
and that the terminal hydroxyl groups of the polymer are associated with 
the methanol. 

This technique has been used to determine the molecular weight of 
several substances. In the case of slightly soluble substances, it was pos- 
sible to determine the surface pressure as if the substance were insoluble. 
Saraga (7) has shown that in the case of lauric acid films (slightly soluble 
in water) the surface pressure is a linear function of the square root of time 
a short time after spreading. It is therefore possible to obtain the surface 
pressure of the substance by extrapolating surface pressure vs. square 
root of time to zero time. 
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ABSTRACT 


By the method of equilibrium dialysis it was found that histamine does not bind } 
in vitro to representative human and bovine proteins at 0°C. A modified protein |) 
formed by coupling the diazonium salt of p-sulfanilic acid was found to form a stable ih 
complex with histamine. The energy of binding of the first mole of histamine to this i| 
modified protein has been determined to be —1391 eal. 


INTRODUCTION 


Many experiments have been directed toward proving that 4 (or 5) | 
ethylamineimidazole (histamine) is the toxic substance involved in the 
anaphylactic shock. That histamine is liberated, in vivo, during ana- | 
phylactic shock was first demonstrated by Best et al. (1), who were ||| 
able to show the presence of histamine in sufficient quantity to account ||| 
for the anaphylactic shock suffered by the ox. Recently Parrot and co- |/| 
workers (2, 3) reported success in attempts to bind histamine to animal ii 


proteins 7m vitro and thus provide a mechanism for histamine action in || 


anaphylaxis. Conversely, however, Kaplan and Davis (4), using a radio- 
active tracer technique to follow histamine, could find no evidence of i 
binding in vitro to the human plasma proteins. | 

This work was undertaken to resolve the above-mentioned discrepancy 
and investigate the possibility of histamine binding through a mediating 
agent to the protein. | 

The equilibrium dialysis method was used to study the interaction of || 
histamine with five different animal proteins. These included gelatin, |} 
bovine gamma globulin fraction II, milk whey, human gamma globulin, | 


and whole blood serum. 
EXPERIMENTAL 


The concentration of histamine was determined spectrophotometrically | 
using a method developed in this laboratory (5). All solutions were pre- 


1 Abstracted from Master of Science Thesis, Kansas State College, Manhattan, 
Kansas, 1955. 
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pared in a phosphate buffer, the ionic strength of which was 0.2 at a pH 
6.9. The bovine proteins and the human gamma globulin were obtained 
from Armour and Company, and the whole human blood serum was col- 
lected at Ft. Riley, Kansas, and represented a composite mixture of many 
types. The whey protein was prepared from a casein-free solution by 
precipitation at a pH of 2.0 with hydrochloric acid (1/10). The precipitate 
was outdialyzed against distilled water until free of chloride ion. The 
proteins were purified by outdialysis against phosphate buffer. The final 
protein concentrations were adjusted to 0.2% as determined by gravity 
oven at 90°C. Histamine diphosphate was obtained from Nutritional 
Biochemicals Corporation. 

A volume of 10 ml. which contained 20 mg. of protein was introduced 
into Visking 18/32 cellulose casing which then was equilibrated with vary- 
ing concentrations of histamine for 24 hours. Blank cells were prepared 
with the same volume of buffer and equilibrated with corresponding 
histamine solutions 24 hours. After equilibration, comparison was made 
of the histamine concentration in the blank and protein cells to find the 
magnitude of binding by the protein as influenced by histamine concen- 
trations. 


RESULTS AND DISCUSSION 


Typical data for histamine binding to each animal protein are presented 
in Table I. The absence of binding is observed over wide concentration 
ranges of histamine in all cases. The absence of binding in the case of 
human gamma globulin might be explained by the amino acid composition. 
Haurowitz (6) reports 100 basic groups compared with 67 acid groups per 
10° grams of protein. Since histamine exists in solution as a cation, the 
excess of basic amino acids in the protein should repel rather than attract 
the histamine. 

To provide a site for histamine binding, the following functional groups 
were linked to human gamma globulin: arsonic, carboxylic, and sulfonic 
acid. This was accomplished by the diazotization of the p-arsanilic, p- 
aminobenzoic, and p-sulfanilic acids and subsequent coupling to the pro- 
tein in alkaline solution. In this manner these functional groups (para to 
the azo linkage) were irreversibly bound to the protein. Attempts to bind 
histamine to those azo proteins containing either the carboxylic or arsonic 
acid groups met with no success. In the case of the azo protein containing 
the sulfonic acid group, however, binding did occur. The effect of concen- 
tration of histamine on the amount bound per mole of protein is shown in 
Table II. The effect of temperature on the stability of the complex is also 
shown in Table II, which indicates a decrease in stability with an increase 
in temperature. 

The maximum number of bound molecules of histamine per azo protein 
molecule and the free energy of formation of this complex were calculated 
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TABLE I 


Histamine Binding to Various Animal Proteins at 0°C. 


Blank cell 


Histamine concentration 
(Moles per liter X 10~°) 


Protein cell 
Gelatin 
tee 


3.12 
6.74 


Bovine Gamma Globulin 
2.29 
5.50 
8.45 


Milk Whey 


0.90 
1.76 
2.88 


Human Gamma Globulin 


2.43 
1.20 
4.27 


Whole Human Blood Serum 


3.10 
3.65 
6.70 


TABLE II 


Moles bound 


SSS) 


ooo 


o 


Binding of Histamine to Human Gamma Globulin Azo-Phenylsulfonic Acid 


Temperature 
°C.) 


0.0 


12.5 


Histamine concentration 
(moles XK 10-5) 


0.23 
0.26 
0.29 
0.35 
0.43 
0.62 
0.61 
0.86 
0.90 


Moles histamine bound 
(per mole protein) 


0.79 
0.53 
0.87 
0.88 
0.95 
1.15 
1.28 
1.60 
1.46 
1.31 
1.88 
0.30 
0.36 
0.39 
0.39 
0.45 
0.36 
0.45 
0.48 
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by the method of Klotz (7). Assuming a stepwise formation of the com- 
plex, in which the first bound molecule is held more firmly than the second, 
, the following expression is valid: 
Koel 
l/r = Feel += (1] 
in which r is the number of bound molecules per protein molecule, m is the 
maximum number of bound molecules per protein molecule, (A) is the 
concentration of unbound histamine in moles per liter, and K is the intrinsic 
binding constant for the system. Since (A) and r may be determined ex 
perimentally, evaluation of K and m is carried out by plotting 1/r against 
1/(A) and extrapolating to infinite (A). This is shown in Fig. 1, which 
was constructed by the method of least squares. It is seen from Eq. [1] 
that K/m is the slope of the line and 1/m the intercept on the 1/(A) axis. 
The binding was carried out at 0.0° and 12.5°C. The free energy of forma- 
tion of the first bound molecule was evaluated by: 


AF = —RT In Kay [2] 
where K,, is obtained by applying experimental data to 
m— (i — 1) 

iK 
in which 7 is the order of binding, 7 = 1 for the first mole bound and 2, 3, 4, 
5,...7 for successive binding. 


I Se = [3] 


2.5 
12.5¢ 


2.0 


° 10 20 30 40 50 


\/A X 104 


Fic. 1. The binding of histamine to human gamma globulin azophenylsulfonic acid. 
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The value of the free energy of formation at 0.0°C. was — 1391 cal. per 
mole and decreased with an increase in temperature. 

Even though this histamine-azo protein bond is relatively weak, a site 
for histamine binding has been provided by mediation of the original 
protein. Although this particular type of mediation is not assumed to be 
present im vivo other functional groups capable of attracting histamine 
might be present. Such groups as sulfhydryl might act as mediating agents 
or perhaps metal ions, which are known to form complexes with histamine 
(8, 9), might form sites for binding 27 vivo. 

The authors wish to thank the Public Health Service for Grant No. G. 
3920, which made this investigation possible, and Maj. Alex Gerber and 
Dr. B. W. Lafene for assistance in procuring human gamma globulin for 
this research. They also wish to thank Dr. B. L. Mickel for valuable sug- 
gestions offered and Mr. E. B. Beetch for the preparation of the whey 
protein. 
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ABSTRACT 


New data are reported on the stress-relaxation of the National Bureau of Stand- 
ards sample of polyisobutylene at temperatures from —40°C. to —83°C. When prop- 
erly adjusted, the data agree very well with dynamic-property data at temperatures 
above —45°C. The data do not agree with the reduced equation for viscoelastic be- 
havior applicable for butadiene-styrene copolymers. A new approach to this prob- 
lem appears to be fruitful. 


INTRODUCTION 


In a previous article (1) the theoretical relationships between stress- 
relaxation properties and dynamic properties of linearly viscoelastic 
materials were presented. The best experimental dynamic data (38, 4) 
were compared with the best stress-relaxation data (5, 6, 7) then available. 
Good agreement was found in the rubbery region (reduced frequency less 
than 10*/hr.), and qualitative agreement was found in the transition 
region. A marked discrepancy appeared in the low-modulus portion of the 
transition region, and there was doubt as to the correct slope of the log 
E,(t) versus log ¢ curve in this region. The data were insufficient to dis- 
tinguish between experimental error and partial failure of the time- 
temperature superposition principle as possible causes of the discrepancy. 
The dynamic data were highly self-consistent, so that attention was 
focused on the stress-relaxation data as the more likely to require improve- 
ment. Furthermore, these measurements did not extend into the high- 
modulus portion of the transition region. 

It was decided to repeat and extend the stress-relaxation measurements 
below —40°C.., using the glassy-state relaxometer developed by McLoughlin 
(8) in this Laboratory. After some reconstruction, temperatures as low as 
— 83°C. were obtained with this instrument. This permitted the extension 
of the stress relaxation master curve to as high reduced frequencies (short 
times) as had been reached by dynamic measurements, so that comparison 
of the two approaches is now possible for the entire transition region. 
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EXPERIMENTAL RESULTS 


The glassy-state relaxometer has been partially described elsewhere (8). 
It consists of a copper-lined, insulated inner chamber supported within a 
well-insulated thermostated outer chamber, to which is attached a Tenney 
“Packaged Air” circulator containing dry ice. The outer chamber is 
mounted on a sturdy framework which also supports the stress gauge and 
sample-stretching apparatus. 

For this work, in addition to the changes previously made in the stress- 
measuring system (9), it was found necessary to rebuild the inner chamber, 
providing it with a baffle and air fan so that adequate air circulation could 
be maintained. The heat capacity of the system was quite large, so that 
for temperatures below —55°C. it was advantageous to place enough dry 
ice in the outer chamber to cool the entire system. This was in addition 
to the dry ice in the cooling chamber of the Tenney ‘‘Packaged Air” box 
which served as a cold sink during the course of the run. For temperatures 
below —75°C., dry ice was also packed into the inner chamber, behind 
the baffle, so that the circulating air passed over the dry ice, around the 
baffle, and then over the sample. In this way, the sample was kept cold 
without permitting large temperature gradients within the inner chamber. 
It was necessary to replenish the dry ice in the inner chamber shortly 
before stretching the sample; for the very lowest temperatures reached, 
two such replenishments were necessary prior to stretching. (It was 
impossible to add dry ice after stretching, since the air temperature rose 
sharply when the door was opened, and returned less rapidly to its former 
value after the door was reclosed.) It proved virtually impossible to 
thermostat the system with dry ice in the inner chamber. Fortunately, 
experience with the cooling characteristics of the system showed a long, 
nearly flat, minimum in the temperature-time curve during which the 
sample could be stretched, and its relaxation followed for 30 minutes to 
an hour. A thermistor-actuated temperature-recording system sensitive to 
0.01°C. greatly facilitated detection of this minimum early enough to 
permit full use of the available time, while two nonrecording copper- 
constantan thermocouples were used to calibrate and check the recording 
system. The exact value of the minimum temperature reached depended 
largely on the temperature reached just before opening the door to replenish 
the inner-chamber dry ice, on the amount of dry ice then added, and on 
the speed with which this could be done. It was also noted that the room 
temperature affected the temperature which could be reached. Thus some 
predictive control was possible over the temperature at which a run was 
to be made. 

Because of the large forces required to stretch the sample a measurable 
amount at the lowest temperatures, a small amount of slippage sometimes 
occurred. An arbitrary strain correction was applied to those runs in which 
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N.B.S. POLYISOBUT YLENE 


E,7 (t), DYN.-CM, © 


=2 -1 
LOG TIME (HRS.) 


Fig. 1. Stress-relaxation of N.B.S. (National Bureau of Standards) polyisobutylene. 


slippage was suspected, to make them superpose satisfactorily. Hence, 
there is some uncertainty as to the absolute value of the limiting glassy 
modulus. However, as will be shown in the discussion, good agreement 
with the dynamic measurements was obtained. The experimental data are 
plotted in Fig. 1, which includes a curve at 25°C. from earlier work (10). 


DIscussION 


Before comparing the new stress-relaxation data with the best dynamic 
data, it is necessary to reduce all data to the same reference temperature. 
This is a two-step process: a small correction for the kinetic-theory tempera- 
ture dependence of the stress in a rubber followed by a horizontal shift in 
log time to allow for the effect of temperature on relaxation times. 

Step 1. Modulus-Reduction. Ferry (11) has proposed a formula which 
allows that part of the compliance which is ascribed to distortion of bond 
angles and bond distances (and which we shall call the glasslike compliance) 
to be independent of temperature and of density. This latter provision, it 
seems to us, is in error, since the glasslike compliance should still depend 
on the number of chains threading unit cross section, and hence on the 
density. 

Following Ferry’s treatment, the total stress-relaxation compliance, 
J,,r is considered to have two additive components, J,,7r (glasslike com- 
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pliance) and J,,r (rubber-like compliance). We assume that the density 
dependence of the former is given by J,,7 « d-*. A case can be made for 
x = , %, or 1, but since experimental data are inconclusive, we shall 
derive the general case. Then 

Trr9 = Fq,r(d/do)? + Ur,2 — Jo,7)(Td/T odo), [1] 


where J,,7 = strain/stress in stress-relaxation at temperature 7’; 


J 7,17 


total compliance corrected to reference temperature 7'o. 
On rearrangement, 

Fn,09 = Sr.2{(Td/T odo) + (Jo,2/Js,7)(d/do)*[1 — (Td'-*/Todo'*)]} [2] 
or 


E,,79 = U/JSnr, 
= Ey,2/{(Td/Todo) + (E,,2/E,,7,)[1 — (Td'*/Todo'*)]}. [3] 


In our work, we measured total force, without correcting the cross-sectional 
area of the sample for the change due to thermal contraction. If we designate 
this uncorrected modulus by M,,7, we may write 


E,,7 = M,,7(d/d,)¥ [4] 


where d; = density at 7,, the temperature at which cross-sectional area, 
was measured. If the sample was brought to the working temperature free 
from restraints, y = 24, whereas if it was held at constant length instead, 
y = 1. Since we do not know the exact situation, it is again preferable to 
derive the general case. Equation [3] becomes 


E,.,r, = M,,7/\(T ~d,"/T odo) she (M,,7/E,,r,)(1 ie (Td'*/T do'*)]} . [5] 
For convenience in computation, this may be rearranged to 
log E,,r. = log M,,r — log [(Td'-"d,¥/Todo) + W] [6] 
where 
log W = log M,,.r — log E,,r, + log (l= (Ta /T ds) [7] 


For the real component of dynamic modulus, the corresponding equations 
are (in Ferry’s notation) 


log Jp’ = log J’ + log [(T'p/Topo) + W’), [8] 
where 
log W’ = log J.,,7, — log J’ + log [1 — (Tp'-*/T op '-*)). [9] 


The best dynamic measurements are those of Fitzgerald, Grandine 
and Ferry (3) (hereafter called FGF), which have been corrected to 25°C. 
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(4). We may use these data to select an appropriate value of E,.293 to use 
in correcting our own data. FGF took the glasslike compliance in shear to 
be J,, = 1.1 X 107° cm.?/dyne, apparently because this is the reciprocal 
of the highest value of G’ which they measured. However, the value of J’ 
corresponding to this G’ is less than this, viz., 0.995  10-!° cm.2/dyne, 
and J,, should be even smaller. Extrapolation of log G’ and —log J’ on 
the same graph (not shown) to infinite frequency indicates that a better 
value would be log J,, = —10.05. Only FGF’s data at —44.6°C. were 
used in this extrapolation; hence log 3G,,225 = 10.53. This is in good agree- 
ment with the value of log H,; = 10.52 which was used in a previous paper 
(1) based on FGF’s data. 

Data are now available on the bulk modulus (B) of N.B.S. polyiso- 
butylene at 25°C. (12). Since, by the classical theory of elasticity, 


log EH, = log 3G, — log [1 + (G,/3B,)], [10] 


we may use these data to compute log EH,» if we assume that G,,7 and 
B,,r depend on density in the same way. We shall use the same value for 
the coefficient of thermal expansion of polyisobutylene as did FGF, viz., 
0.585 X 10-3/°C. The apparent maximum of Bz is 4.8 X 10° dynes/cm.?, 


TABLE I 
Values of log ans and of log K for N.B.S. Polyisobutylene 
1 RL OA log aes log K 
—82.6 12.05 2.73 
—81.7 11.89 2.57 
—80.8 11.53 2.21 
—79.8 11.95 2.63 
—79.3 11.51 2.19 
—77.3 10.89 1.57 
—76.7 10.70 1.38 
—76.5 10.47 1-15 
—74.1 9.70 0.38 
—71.7 9.13 —0.19 
—70.6 8.85 —0.47 
—69.15 8.46 —0.86 
—66.5 7.93 —1.39 
—65.4 7.62 —1.70 
—62.0 7.06 —2.26 
—60.9 6.79 —2.53 
—58.8 6.55 —2.77 
—56.2 6.04 —3.28 
—54.0 5.77 —3.55 
—51.4 5.47 —3.85 
—49.6 §.31 —4.01 
—44.3 4.72 —4.60 
—40.1 4.20 —5.12 


—20.2 2.34 —6.98 
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TABLE II 
Master Stress-Relaxation Curve of Polyisobutylene 


-2 
log t/a2s8 log Er,298(t) (dyne cm.-2) = 


(hours) Observed From Eq. [22] 
—14.32 10.48; 10.46 
—14.07 10.47 10.45; 
=e, 82 10.45; 10.44 
13-67 10.44 10.43 
= 19°92 10.42; 10.41 
213.07 10.40; 10.38 
1282 10.37 10.35; 
= 12257, 10.33 10.31 
S232 10.28; 10.26 
12.07 10.22, 10.20 
11782 10.15; 10.13 
= 157 10.06 10.04 
=1132 9.94, 9.94 
Og 9.81 9.825 
—10.82 9.67 9.69 
—10.57 9.50; 9.55 
= t0es2 9.43 9.39 
—10.07 9.17 9.22 

—9.82 9.00; 9.05 

—9.57 8.84 8.86 

—9.32 8.68 8.68 

9.07 8.51 8.49 

—8.82 8.35 8.31 

—8.57 8.17 8.13 

—8.32 7.995 7.965 

= 3707 7.85 7.81 

—7.82 7.705 7.665 

= 7.57 7.57 7.53 

—7.32 7.445 7.42 

= 707 7.325 a3 

—6.82 7.225 fe 

—6.57 ek 83 7215; 

—6.32 7.065 7.09 

—6.07 701. 7.045 

—5.57 6.955 6.97 

—5.32 6.935 6.95 

—5.07 6.92 6.93 

—4.82 6.905 6.91 

—4.57 6.90 6.90 

—4.32 6.895 6.895 

—4.07 6.89 6.89 

—3.82 6.885 6.89 

—3.57 6.875 6.88 

—3.32 6.865 6.88 

=3.12 6.85; 

= 206) 6.835 

—2.72 6.82 


—2.52 6.80 
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TABLE II—Continued 


log t/a298 log E,,298(t) (dyne cm.-2) 
(hours) é 
Observed 
—2.32 6.785 
—2.12 6.77 
—1.92 6.75 
—1.72 6.725 
—1.52 6.70 
—1.32 6.67 
—1.12 6.645 
—0.92 6.61 
—0.72 6.57 
—0.52 6.535 
—0.32 6.49 
—0.12 6.485 
0.08 6.37 
0.28 6.30 
0.48 6.22; 
0.68 6.14 
0.88 6.045 
1.00 5.97 
1.20 5.85 
1.40 5.70 
1.60 5.54 
1.80 5.34 
2.00 5.18 
2.20 4.9 
2.40 4.5 
2.60 4.0 
2.80 — 0 


so that B,..2.» lies between 4.9 and 5.0 X 10'* dynes/cm.’, depending on 
the value chosen for x in the expression B,,r « d?. Gj,29 = 1.12 & 10” 
dynes/cm.2, so log Ey,229 = 10.53 — 0.03 = 10.50. Again depending on the 
value chosen for x, log Ey,20s will be 10.48-10.49. We have chosen the 
former value, corresponding to z = 1, for our computations. 

By way of comparison with our data, the above assumptions lead to 
log Ey,190 = 10.51. The maximum value of log M,190 which we found was 
10.49, corresponding to log F190 = 10.51-10.52, depending on the value 
chosen for y. The agreement is highly satisfactory. 

Step 2. Time Scale Reduction. Our stress-relaxation data have been 
corrected to 25°C. in accordance with Eqs. [6] and [7], using d; = do, y = 1, 
Log E,,203 = 10.48, and x = 1, and the resulting curves superposed in the 
usual manner. The relative flatness of the relaxation curves between 
—45°C. and 25°C. makes superposition difficult in this region. To avoid 
this, we assigned the value of the shift factor at —44.3°C. to fit that 
found by FGF, viz. log dz9s (229) = 4.72." The resulting set of a93 factors 


1 The symbols a and x may be used interchangeably. 
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N.B.S. POLYISOBUTYLENE 


E,.208 (t),DYN.-CM- 


-14 -12 -10 -8 -6 -4 -2 


LOG t/Ky9g (HRS) 


Fig. 2. Stress-relaxation master curve of N.B.S. polyisobutylene, showing experi- lj 
mental points after modulus-reduction and time scale shift to 25°C. 


is listed in Table I, while the superposed reduced-modulus data are shown | 
in Table II and Fig. 2. 


Prediction of Complex Dynamic Shear Modulus 


Step 1. Prediction of Dynamic Young’s Modulus. In an unpublished study \ 
(13, 14) it was shown that the most convenient and accurate method for ||| 
computing the real component of the dynamic modulus (EZ’) from the 
stress-relaxation modulus (and vice versa) was by means of an approxi-_ ||| 
mation to Marvin’s difference function (15). This approximation is: 


E'(w) — E,(t) | tty = AE(w) & T(m)H»(log 7) | ra1/o (11) || 
where 


H» (log T) mate ae Fe of r(1 =F m) [12] 


bine 9-3 - 0) 
TASS Tea toe( d log t/" [13] 


I'(1 + m) is the well-known I-function, the use of which is due to Ferry 
(16, 17, 18), while T(m) is a new function (1, 14) defined by 

T(m) = 0.4343[ (4/2) ese (mr/2) — T(m)]. [14] 
A table of T(m) is given in Table ITI. 


The master curve of E,.93 was numerically differentiated to yield Hy» 
(log 7), the relaxation spectrum. This is shown in Fig. 3. From AH» and 


and 


TABLE III 
The Function Tim) 


0./0 0.2 51 53 56 58 61 64 67 70 74 TRS 
1 80 84 88 91 95 oe) OR ADS *12 *16 
2 0.3 20 25 30 35 40 46 52 58 64 70 
3 77 83 90 ek aay IBY AA) 89) *38 *47 
4 0.4 57 67 He 87 OS O23 *48 *61 
5 0 575 590 606 622 640 658 676 696 718 740 
6 763 788 814 841 872 902 935 970 *008 *048 
a 1 090 

+m 0 1 2 3 4 BS) 6 7 8 9 

0./0 0.2 51 48 46 44 42 40 38 35 33 31 
1 29 28 26 24 22 21 20 18 17 15 
2 14 13 12 11 10 08 07 06 05 05 
3 04 03 02 01 01 00 *99 *99 *98 *98 
4 0.1 97 97 97 97 96 96 96 96 95 95 
5 95 95 95 95 95 96 96 96 96 96 
6 97 97 97 98 98 99 99° *00 *01 *01 
7 0.2 02 03 04 04 05 06 07 08 09 10 
8 12 13 14 16 17 18 20 21 23 25 
9 27 28 30 32 35 37 39 41 44 46 

1.|0 48 51 53 56 59 62 65 68 71 74 
1 78 81 85 88 92 96° ~*01  *05 *10 *14 
2 0.3 18 23 28 34 39 45 51 57 63 69 
3 76 83 90 OSee05s =c13 8) 222) aor *40 *49 
4 0.4 59 69 cy OOM 202 eec | Sie coms *51 *65 
5 0 580 595 612 628 646 665 685 706 727 750 
6 774 798 825 855 885 917 950 986 *023 *064 
7 1 108 
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-14 -12 -10 -8 ~6 =o 
LOG tT (HRS.) 


Fic. 3. Distribution of relaxation times (relaxation spectrum) for N.B.S. polyiso- 
butylene adjusted as in Fig. 2. Second approximation. 
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Eq. [11], E’2(w) was computed, while from H2,, E”2.q was computed by | 
numerical integration of the following equation: 


E's, = fe H»(log 7) Tae d log r. }15] 


Step 2. Conversion from Young’s Modulus to Shear Modulus. The relation- | 
ship between the complex dynamic Young’s modulus, the complex dynamic | 
shear modulus, and the complex dynamic bulk modulus is: 


G*-= 3B*H*/(QB* — E*). [16] | 

This may be solved for its components, yielding | 
G’ = E’/3[1 — (E'/9B) (1 — w)] [17] | 

G” = E’/3[1 — 2E’/9B’)(1 — v/z)] [18} | 

where | 
u = (tan dg — tan 6s)?/[(1 + tan? 6s) — (H’/9B’)(1 + tan? 6z)]; [19] I 


v = [(L’/9B’) + (tan 63/tan dz)|(1 + tan? 6z)/2 


—[(4’/9B’)(1 + tan? 6g)/tan dz + (tan dg — tan 6,)| tan dz; [20] | 


2 = (1 + tan® 6s) — (B’/9B’)(tan 5,/tan 62)(1 + tan? bz); (21) 


and 
tan 6g = E”/E’; tan 6g = B”/B’. 


Equations [17] and [18] differ from the approximate relationships which_ ||| 
apply in the rubbery region by the correction factors in brackets. The | 
quantity (4’/9B’) is significant only when E’ > 2 x 10° dynes/cm.?. 
The second-order correction to G’ given by the term u tends to reduce the | 
primary correction term so that G’ = E’/3 even when E’ % 5 X 10° | 
dynes/cm.?. At sufficiently high frequencies, u, which depends largely on_ ||| 
tan 6x, vanishes, and Kq. [17] becomes equivalent to Eq. [10], as it should. 

The term z never differs from unity by more than 2 %, so that the second- 
order correction to @” is chiefly dependent on v, which in turn is largely 
dependent on tan 6,. Consequently, v/z passes through a fairly sharp |} 
maximum near wd23 = 104-5/hr. Even here, it reduces the primary |} 
correction term by but 20%, so that the effect of v/z on G” is quite small. 

The values of G’, G”, and tan 6g (=GQ” /G’) predicted from stress-relaxa- 
tion data are shown in Figs. 4-6, where they are compared with FGF’s 
experimental data. Also shown are dynamic data found by Philipoff (19). 
The over-all agreement js remarkably good, and serves to demonstrate i! 
the validity of the theory of linear viscoelasticity in the transition region. 
The discrepancy at the peak of the imaginary component is no greater 
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_ Fic. 4, Predicted and observed real component of complex dynamic shear modulus 
of N.B.S. polyisobutylene. 
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Fig. 5. Predicted and observed imaginary component of complex dynamic shear 
modulus of N.B.S. polyisobutylene. 


than that previously shown (1) to exist between the real and imaginary 
components themselves. This discrepancy is considerably magnified in 
computing the loss tangent. The experimental scatter of the loss tangent 
in the vicinity of its peak greatly confuses any attempt to understand the 
peculiar shape of that peak. 
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Fia. 6. Predicted and observed loss tangent in shear of N.B.S. polyisobutylene. 


Another discrepancy between predicted and observed dynamic properties 
is connected with the time-temperature superposition principle. It is quite 
clear that this useful principle can be applied in the transition region as 
well as in the rubbery region. In so doing, it was in effect necessary to 
choose as reference a temperature (—44.3°C.) at which data were available 
in the transition region from both dynamic and stress-relaxation measure- 
ments. These data then agree well. A direct attempt to determine log dogg 
(2, 29) by superposition of stress-relaxation data led to a value of about 3.8 
instead of 4.72. This large discrepancy in dgg is directly responsible for the 
apparent anomaly in the region in which £,(¢) has been reported to be 
larger than E’(w) (1, 20, 21, 22). 

The discrepancy in dg is considerably greater than that demonstrated 
by FGF, and ascribed by them to a higher activation energy associated - 
with short-time relaxation processes. The latter effect, however, would 
tend to make the predicted G’ (based on low-temperature studies) smaller 
than the observed value (obtained by high-temperature studies) at the 
long-time end of the transition region, and larger at the short-time end. 
This is the trend noted in Fig. 4. 

The approximations used to find the relaxation spectrum are most 
reliable where the slope of the latter is fairly constant. In the vicinity of 
the peak in H(log r), the approximation H.(log 7) is too small (13, 14), 
so that the peak is not sharp enough. Similarly, the trough in H(log 7) 
which lies between the transition and rubbery flow regions is deepened by 
the approximation H»,(log r). Both these defects occur in regions where 
the experimental difficulties are relatively acute. Dynamic measurements 
are rather difficult in regions of high modulus and high dispersion (8). 
The trough in H(log 7) coincides with the region where relaxation measure- 
ments with the glassy-state relaxometer became inaccurate because of the 
very small forces involved. It is, therefore, not surprising that the predicted 
G” differs most noticeably from observed values in these regions. The 
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location of the peak and trough on the time scale are quite accurately 
predicted, however. 


Analytical Representation of Stress-Relaxation Data 


In previous papers (1, 9, 23), we have fitted experimental data on several 
polymers by an equation of the Gauss Error Integral form. Our stress- 


relaxation data on polyisobutylene in the transition region are moderately 
well fitted by: 


log E,,208(t/d29s) = 8.68 — 1.80 erf 0.367 (log t/az93 + 932) 51221 
where 
erf x = 2r-/? [5 exp (—u?) du. [23] 
This is shown in Fig. 7, where we have plotted on probability paper 


log E,,298(t/aes) — 6.88 
3.60 


_ Equation [22] is the straight line shown in the figure. By comparison, 
FGF’s data were fitted by 


log G’29s(wae9s) = 8.22 + 1.82 erf 0.352 (log warss — 9.08). [25] 


For a linearly viscoelastic material, log H’ — log G’ ~ 0.48, while for 
polyisobutylene, E,(t) ~ E’(w) when log t + log w } —0.21. Thus, the 


100 X versus log t/dags. [24] 
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Fic. 7. Master stress-relaxation curve of N.B.S. polyisobutylene on normal 
probability graph paper. 
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two sets of parameters agree quite well, bearing out our previous con- 
clusions (1). 


Reduced Time-Temperature Scales 


Ferry’s modulus-reduction scheme, the time-temperature superposition 
principle, and the Gauss Error Integral representation together appear to 
constitute a general method for condensed representation of mechanical- 
properties data in the transition region. To complete the generalization, it 
is necessary to find a method for representing the time-temperature super- 
position principle in terms of a reduced time-temperature scale valid for 
all amorphous polymers. 

We have proposed an extension of the Gauss Error Integral representa- 
tion, leading to a five-parameter equation (9, 23), which was later simplified 
to a three-parameter equation (2). More recently, Williams (24) has 
proposed a different method of temperature reduction. The new data on 
polyisobutylene have been treated according to each of these schemes. 

A. The Three-Parameter Reduced Equation. In order to use this equation, 
it is necessary to find 7'z, the temperature of maximum apparent activation 
energy. This determination is shown in Fig. 8, where 7'z is found to be 
about 197°K. The corresponding mean relaxation time, Ka, is about 11 
hours (log Kg = 1.04). It is immediately obvious that the three-parameter 
equation cannot apply, for not only is log Ka about 2.5 decades too large, 
but also the product hTzg = 72.5, which is considerably less than 100, the 
value which was found to hold for a group of butadiene copolymers. (For 
polymethyl methacrylate, hT7z2 = 119, which is almost equally far from 
100.) Although it would be possible to redefine 7, as the temperature at | 


N.B.S. POLYISOBUTYLENE 60 


e-s 
°o 


AH, KCAL. 


LOG K (HRS.) 


n 
fo} 


4.2 44 46 48 5.0 5.2 
\/T x 102 


Fia. 8. Temperature dependence of mean relaxation time and of apparent activation 
energy of N.B.S. polyisobutylene. 
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Fic. 9. Reduced-temperature dependence of reduced mean relaxation time. 
Comparison of polyisobutylene (black circles) with other polymers. 


which log K = —1.45, this would not raise the product hT4 sufficiently 
close to 100. 

It should also be pointed out here that in our treatment of the other 
polymers mentioned, we did not apply the modulus-temperature reduction 
to our data. This probably effects a small change in the value of h; more 
important, the time-temperature shift factors are increased by application 
of this reduction. This would increase the disagreement between the poly- 
isobutylene data and the older stress-relaxation data on which the reduced 
equation was based. 

B. The Five-Parameter Reduced Equation. The three-parameter reduced 
equation is essentially a special case of the five-parameter reduced equation, 

the parameters h and Ka having been eliminated on the basis of empirical 
- observation. When these parameters are included, the goodness of fit of 
the equation is tested by plotting h log K/Ka versus T,/T, as shown in 
Fig. 9. The points for polyisobutylene do not fit the equation satisfactorily. 
Furthermore, it appears that the redefinition of 72 (as the temperature at 
which log K = —1.45) would worsen the fit. Application of the modulus- 
temperature reduction to the older data would increase the slope of that 
data and also worsen the fit. 

C. Williams’ Temperature-Reduction Method. In the aforementioned 
temperature-reduction schemes, reduced temperature was defined as 
T/T, in analogy to the definition of reduced temperature with reference 
to the critical point of a gas. Williams proposed instead to subtract the 
reference temperature to obtain a suitable reduced temperature, and was 
able to construct a composite curve of a7, as a function of T — T,. 
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Fic. 10. Log K/Ka plotted against T — Tz. Comparison of polyisobutylene 
(black circles) with other polymers and with WLF’s analytical expression, taking 
T, — Ta = 46°. 


The low-temperature portion of Williams’ curve was constructed from 
our published stress-relaxation data on several polymers, none of which 
were studied at temperatures close to the values of 7’, chosen by Williams. 
Consequently, there is enough uncertainty as to the correct value to- 
choose for (log ar, — log K) for each polymer to obscure any disagreement 
among the data, particularly since the slope of the composite curve is so 
steep in this region. 

As Williams has pointed out also, the various empirical interrelationships 
of our three-parameter reduced equation result in essentially the same 
temperature-dependence in the stress-relaxation transition region as does 
his method. We therefore plotted log K/Ka versus T — 7, in Fig. 10, as 
an alternate representation of our data in accordance with Williams’ 
suggestion. The polyisobutylene data agree rather well with the older data, 
although not quite perfectly. Again, redefinition of 7, would worsen the 
fit. 

Also shown in Fig. 10 is the analytical function shown by Williams, 
Landel, and Ferry (25) (hereafter referred to as WLEF) to fit Williams’ 
curve. We have converted it to use 7’, as the reference temperature thus: 


log K/Ka = —16.14(T — T4)/(56 + T — T,). [26] 
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Maximum Apparent Activation Energy 


Both theoretical and practical considerations indicate that the time- 
temperature superposition principle must fail at temperatures well below 
the glass transition, 7,. For example, it has been shown that the stress- 
relaxation of glassy polymethyl methacrylate is strongly dependent on 
previous thermal history (26, 27), while the ratio of stress to (temperature 
x birefringence) does not remain constant in the transition region (28), 
indicating a change in the mechanism of deformation, as has also been 
deduced for lactoprene rubbers (29). In all likelihood, the time-temperature 
superposition principle is of but partial applicability at temperatures just 
below 7,, so that the shift factors obtained in this region are somewhat 
fictitious. In consequence, the existence of an apparent maximum for the 
apparent activation energy for viscoelastic behavior may be an artefact. 
Nevertheless, this apparent maximum has been noted for several polymers, 
and can be useful in defining Tz without obvious reliance on an arbitrary 
time scale. 

In connection with the three-parameter reduced equation, we showed 
that this maximum heat of activation was roughly proportional to T7. 
Although the data on polyisobutylene do not fit this reduced equation, the 
more generally applicable relationship of Fig. 10 can also be used to derive 
this proportionality, as follows: 


ea ddog ers ** 2d log K 
AH 4, = 2.303R day) = 2.303RT IT [26] 
2d log K/Ka 
= — apm g 2 
2.303RT" Srp [27] 


Figure 10 and Williams’ curve show that the slope of this plot is the same 
for many polymers, so that, at Ta, 


d log K/Ka 


2 
eats Esty een sie r 2 
a? — T; UF) [28] 


(AH act) maz. = —2.803R 


For the other six polymers, the proportionality factor ranged from 1.57 to 
2.03. For polyisobutylene it is 1.51. From a measurement of the slope of 
Fig. 10, it is 1.58. 
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ABSTRACT 


The relation of the physical properties of two soap solutions to their capacities 
to remove a typical radioactive contaminant from a surface were studied over a 
wide range of surface tension up to the critical micelle concentration (CMC) and 
thence through a range of micelle concentrations in which surface tension remained 
constant. The CMC of the two soaps differed about 10-fold. 

Decontamination began at or near the CMC for each colloidal electrolyte and was 
a function of micelle concentration but not of surface tension. The significance of 
anomalous phenomena at concentrations less than the CMC is discussed. 


INTRODUCTION 


The removal of radioactive contaminants from surfaces, termed decon- 
tamination, is of great concern in the laboratory, industry, and warfare. 
Where solutions are employed the decontamination may be considered as a 
special case of detergency. Since colloidal solutions have been used in de- 
contamination procedures (1), the fundamental principles involved in their 
use merit investigation. 

The properties of a solution responsible for detergency is a controversial 
subject, workers variously attributing dominance to surface tension, solu- 
bilization, ion exchange, adsorption, and protective colloids. In this paper 
emphasis is placed upon a study of the relation of surface tension, colloid- 
ality of the solution, and the concentration of micelles as factors in decon- 
tamination. The use of radionuclides affords an approach of especial interest 
to students of detergency since (a) the contaminant may be simplified, as 
in the present study, to a single chemical species in contrast to the complex 
“soil” ordinarily encountered or (0) a single component of a complex soil 
may be radioactively traced. 

Soaps were selected for this study chiefly because they could be prepared 
easily in pure form. Soaps per se are not exceptional decontaminants but 
by selecting appropriate members of a homologous series having a distinc- 
tive difference between their critical micelle concentrations (CMC) the 
relative merits of surface tension, colloidality, and micelle concentration 

393 


394 RAY C. CHANDLER AND WESLEY E. SHELBERG 


in the decontamination process may be assessed. In general, soaps reflect 
the properties of colloidal electrolytes. 

Certain undesirable characteristics of soaps as research tools are due to 
their tendency to hydrolyze. A highly controversial field of literature has 
been written about the extent of their hydrolysis, saturation with organic 
acids, acid soaps, and critical micelle concentrations (2-6). In the course 
of this study certain anomalies appeared in concentrations near the CMC 
which were of minor interest in decontamination but of sufficient scientific 
interest to merit their discussion. 

A colloidal electrolyte may be defined as any ionizable compound com- 
posed of ions differing so greatly in hydrophilicity that either the cation or 
anion tends to aggregate and thus form a two-phase system at a concen- 
tration less than that required for precipitation of the electrolyte. An ideal 
colloidal electrolyte is defined here as one in which no physical or chemical 
reactions other than aggregation are involved. Figure 1 illustrates sche- 
matically the relationship between the concentration of species and the 
electrolyte concentration. The line AB represents the ideal behavior of ions 
of a completely ionized uni-univalent electrolyte. The ions of the ideal col- 
loidal electrolyte MP obey this relationship up to the point C (CMC). 
Beyond C (P-) remains constant (7) and (M+) as shown by the line CD 
departs from AB as electrostatic forces bind M+ to the micelles (8). The 
line C’E represents the concentration of micelles of variable composition 
(9). At the points D and F the concentrations of M+ and P-, respectively, 
satisfy the solubility product of the electrolyte, and beyond the line DEF 
the activities of M+ and of micelles are assumed to remain constant. Where 
hydrolysis or other side reactions occur the simple behavior outlined is 
modified near the CMC. The soap solutions investigated provide some 
illustrations of departures from ideal behavior. 


CONCENTRATION OF SPECIES 


ELECTROLYTE CONCENTRATION 


Fig. 1. Relations between species in an ideal colloidal electrolyte. 
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STATEMENT OF PROBLEM 


The major variables in liquid decontamination are surface, contaminant, 
decontaminant, and decontaminating method. In the present study sur- 
face, contaminant, and decontaminating method were held constant while 
the decontaminant varied with respect to chain length and concentration. 
The specific objectives were (a) to disclose what major physical properties 
of the solution contribute to the removal of the contaminant, (6) to gain 
an insight into the mechanism of decontamination, and (c) to investigate 
the properties of the solutions near the critical micelle concentration. Ob- 
servations were made by means of surface tension, conductance, and pH 
measurements. Decontamination was followed by a tracer technique. 


MATERIALS 


The experimental surface was Navy gray paint placed on aluminum 
blanks 114 inch square by 19 inch thick, aged a minimum of 60 days. This 
paint surface is typical for naval craft and equipment. 

The contaminant stock solution was acidic YCI; traced with Y*. Yttrium 
is of interest in the problem of contamination by the mixture of products 
formed by uranium-235 fission, since strong gamma emitting yttrium iso- 
topes exist in significant quantities within 2 days following fission (10). 
Yttrium contamination is also important since its isotopes are used as beta 
tracers. 

The decontaminants were the potassium salts of lauric and palmitic 
acids composed of 12 and 16 carbon atom chains, respectively. These two 
organic salts reduce the surface tension of their aqueous solutions to about 
the same minimal value and both become colloidal but at quite different 
concentrations. These colloidal electrolytes were prepared in the laboratory 
from the best obtainable acids which were subsequently recrystallized from 
ethyl alcohol. Their melting points and chemical analysis indicated a very 
high degree of purity. 

Equivalent amounts of the acid and alcoholic KOH were allowed to react 
at 50°C., the excess alcohol was removed, and the soap brought into solu- 
tion when needed. Stock solutions of 0.1 M potassium laurate (KL) and 
0.01 M potassium palmitate (KP) were prepared using deionized water 
having a conductance of approximately 2 X 10~® ohms” at G1 OF Since 
0.01 M KP requires a temperature of 55°C. to maintain a clear solution, 
both solutions were held constantly at 57°C. The two stock solutions had 
pH’s of 8.94 and 9.28 for the laurate and palmitate, respectively. Concen- 
trations of lower order were prepared with deionized water adjusted to the 
pH of the stock solution so that the diluted solutions progressively had 
more hydroxide ion to suppress hydrolysis and maintain constancy of pH. 
A range of concentrations from zero to the approximate maximal decon- 
tamination was studied, the entire range being run during the same day. 
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EXPERIMENTAL 


The working solution of the contaminant, 10-* M YCl;, was prepared 
for each daily run by dilution from the acidic stock solution (pH 3.5) and 
subsequent adjustment to pH 7. Aliquots of 300 microliters were pipetted 
onto the array of surfaces. The liquid contaminant was then dried over- 
night at 25°-30°C. 

The contaminating solution when applied was near the point for pre- 
cipitation of the hydroxide. It is believed that on drying a particulate hy- 
drous oxide was formed on the surface and persisted in the alkaline de- 
contaminant. 

The dried contaminated samples were counted conventionally with a 
Geiger counter and placed on specially designed plastic cup-type holders 
which each held triplicate samples. Each holder was immersed in an 800 cc. 
beaker containing 250 ml. of the appropriate decontaminating solution 
held at 57°C. + 1°. Six beakers were held simultaneously in the bath. The 
samples were exposed 20 minutes to the action of the solution as it was 
gently stirred. The samples were then removed, dried by a heat lamp, and 
again counted. Results were expressed as percentage of counts removed. 

Decontamination of the samples by simple immersion free from mechani- 
cal force such as often is involved in practical decontamination permits the 
interaction alone between the solution, contaminant, and surface to be 
measured. 

Surface tension measurements were made on each of the concentrations 
at 57°C. + 1° with a du Nouy Tensiometer. 

Conductance was measured for all principal concentrations with a Jones- 
Dyke Conductivity Bridge (L and N) equipped with General Radio Oscil- 
lator Type 1301-A and a Cathode-Ray Null Detector Type 707-A. The 
conductivity cells were in a constant temperature oil bath at 57°C. with a 
variation less than 0.01°C. Readings were checked frequently at both 1000 
and 2000 cps. 

The data on pH were determined with a glass electrode pH meter (Beck- 
man, Model G) at 57°C. 


REsuLts AND Discussion 


The data on decontamination, surface tension, and conductance vs. (? 
for KL are illustrated in Fig. 2, and similar data on KP are found in Fig. 3. 
The pH data are shown graphically in Fig. 4. 

" The anomalous behavior of a very dilute soap silution is illustrated in 
igso: 

Inspection of Figs. 2 and 3 shows that surface tension of both experi- 
mental solutions decreased rapidly at very low concentrations and reached 
the minimal value before any important degree of decontamination oc- 
curred, thereby indicating that decontamination under these conditions 
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Fig. 2. Mean decontamination, surface tension, and equivalent conductance vs. 
square root of concentration for K-laurate. 


was independent of surface tension. However, decontamination began a 
rapid increase at a concentration closely agreeing with the beginning rapid 
decline in equivalent conductance. This concentration is commonly as- 
sumed to be the critical concentration for micelle formation (CMC). De- 
contamination then improved sharply over a range of 2- to 3-fold the CMC. 
Clearly decontamination was closely related to the electrolyte concentra- 
tion but in no simple manner. The two electrolyte solutions show a close 
similarity in their surface tension, conductance, and decontamination 
curves, but their concentration ranges for these similar effects differ widely, 
with an approximate 10-fold difference in CMC. The fact that effective de- 
contamination began with soap micelle formation (CMC) even when the 
concentrations differed widely supports the view that soap micelles are 
essential to decontamination under the conditions of this study. In prac- 
tical decontamination the application of various mechanical forces may 
overshadow the importance of micelles in removing radioactive materials 


from surfaces. 
Inspection of the decontamination curves in Figs. 2 and 3 suggests ad- 
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Fie. 3. Mean decontamination, surface tension, and equivalent conductance vs. 
Square root of concentration for K-palmitate. 


sorption isotherms such as might represent an equilibrium between micellar 
and contaminated surfaces over the range of micellar concentrations. The 
indication of a maximum for decontamination in the KL curve arouses 
interesting speculations. Such factors as variation in particle size of con- 
taminant, relative retentive power over various areas of the original sur- 
face, and qualitative changes in the micellar surface with concentration 
may affect the shape of the curve. Further investigation is warranted. 

Both electrolytes showed some very slight increase in decontamination 
before the CMC was reached. This focuses attention upon this contro- 
versial range of soap solutions. The behavior of potassium and sodium soaps 
in this region is generally attributed to hydrolysis. There is general agree- 
ment that fatty acids and soap ions form acid soaps before the CMC is 
attained, but there is considerable disagreement as to the first products of 
hydrolysis and attending phenomena (2, 3, 4, 11, 12). Other workers have 
contributed important discussions on phenomena attending hydrolysis and 
the suppression of hydrolysis (5, 14, 17, 18). 

The causes of departure of dilute soap solutions from the behavior of 
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PH vs. CONCENTRATION CURVES 
(A) ADJUSTED K-LAURATE SOLUTIONS (B)ADJUSTED K-PALMITATE 


Fig. 4. pH vs. concentration curves: (A) Adjusted K-laurate solutions; 
(B) adjusted K-palmitate. 


ideal colloidal electrolytes thus remains controversial. Figure 5 presents 
two theoretical and two experimental equivalent conductance curves for 
palmitate soaps at 57°C. All curves have been adjusted to a common CMC 
for sake of comparison. Our experimental net value for the equivalent con- 
ductance of KP at 2 X 10-? M was 150. The calculated equivalent con- 
ductance of K+ at this concentration and temperature is 116.6, and the 
contribution of OH- due to hydrolysis is 3.5, leaving 29.9 as the value for 
the palmitate ion. Curve I represents the conductance throughout the 
dilute area if the ions acted as a fully ionized and nonhydrolyzable electro- 
lyte in accordance with the Onsager equation (15). Curve II represents the 
conductance if hydrolysis characteristic of the palmitate ion were the only 
additional influence.! Curve III is the experimental curve obtained by Ek- 
wall (14) for pure NaP at concentrations less than the CMC, and Curve IV 
is the net conductance for our adjusted KP solutions in the present in- 
vestigation. ; 

The striking deviations of the experimental curves in Fig. 5 from the 
theoretical curves emphasize the complexity of the physical and chemical 
system in this region. Ekwall has discussed these anomalies as shown by 
conductance (14), turbidity (12), and pH (16), and on the basis of his 
observations he offered the theory (3) that at very low concentrations fatty 
acid ions progressively aggregate into polyvalent ions having 2 to 8 charges 
which likewise progressively increase in their degree of hydrolysis. Aggrega- 
tion tends to reduce conductance leading to a minimum, the increase in 
hydrolysis tends to reverse the trend, the progressive formation of acid soap 


1 Curve II is calculated by Stainsby and Alexander’s Ka = 2.9 X 1077, and Ky 
at 57°C. was calculated from H. 8. Harned and W. J. Hamer, J. Am. Chem. Soc. 55, 


2194 (1933). 


400 RAY C. CHANDLER AND WESLEY E. SHELBERG 


EQUIVALENT CONDUCTANCE 


T NON-HYOROLYZABLE ELECTROLYTE OBEYING 
ONSAGER EQUATION 
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Fig. 5. The non-ideal behavior of a hydrolyzable colloidal electrolyte. 


from accumulating products of hydrolysis reduces conductance due to hy- 
drolysis, and then the incipient formation of typical soap micelles (CMC) 
rapidly reduces conductance. Ekwall thus accounts for the observed mini- 
mum, maximum, and CMC. 

The concept of very highly charged long-chain ions does not agree with 
the evidence found by Chandler and McBain (8, 9) that cationic micelles 
held charges of the same order as inorganic ions; hence an alternative ex- 
planation for maxima and minima in equivalent conductance is desirable. 
Powney and Jordan (4) offered experimental evidence for maximal and 
minimal degrees of hydrolysis. Stainsby and Alexander (6) reinterpreted 
Powney and Jordan’s data postulating that micelles of fatty acid begin 
formation at one half the generally accepted CMC. The concept that mi- 
celles may arise from hydrolytic products before typical soap micelles form 
agrees well with the experimental evidence in this study where the pH was 
held approximately constant, permanent turbidity occurred in certain very 
dilute solutions, and net equivalent conductance declined as much as 30% 
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in an area considered to be below the CMC. Obviously the interfacial sur- 
face area for adsorption (or ion exchange) would be extremely small. The 
small but persistent degree of decontamination observed suggests that mi- 
celles exist there even at lower concentrations than postulated by Stainsby 
and Alexander (6). Similar unpublished data were obtained in our studies 
with strontium contaminant. Possibly decontamination as carried out in 
this investigation is a very sensitive method for the determination of the 
origin and extent of micellization. 

All previous quantitative data on hydrolysis have been calculated from 
pH measurements assuming that the OH~ activity behaved in a normal 
manner, but some doubt has been expressed about this (3, 19). Any unu- 
sual behavior of OH- that changes its conductance would invalidate con- 
clusions drawn on hydrolysis data, and net equivalent conductance. 

The authors favor the view that the products of hydrolysis in colloidal 
salts of very weak acids may contribute to small concentrations of second- 
ary colloids at concentrations well below the point of primary colloidal 
formation commonly called the critical micelle concentration and, under 
such conditions, lead to a significant reduction in the net equivalent con- 
ductance. 


CONCLUSIONS 


The removal of radioactive particulate matter from surfaces by immer- 
sion in colloidal electrolytes began with the formation of micelles and in- 
creased rapidly with micellar concentration up to 2- to 3-fold the CMC. 

Decontamination was independent of surface tension. 

The relation between micellar concentration and decontamination sug- 
gested that adsorption of the particulate matter occurred on the micellar 
interface competing with the original surface. 

In very dilute solutions at concentrations below the CMC the surface 
tension, conductance, and turbidity data suggested that small concentra- 
tions of secondary colloids were formed in that region. 
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ABSTRACT 


The osmotic coefficient ‘‘g’’ of a series of aqueous solutions of tetradecylsulfonic 
acid have been measured, with the use of precision methods of freezing point and 
vapor pressure lowerings. 

The results conform to the pattern of similar long-chain acids and confirm the 
fact that they belong to the class of colloidal electrolytes. 


The higher aliphatic sulfonic acids, RSO;H, are typical colloidal electro- 
lytes and yet are simpler than ordinary soaps in that they do not show the 
disturbing effects of hydrolysis in dilute solution. The following report 
summarizes experimental measurements of the osmotic properties of the 
tetradecylsulfonic acid. For dilute solutions, the freezing point method of 
Scatchard (1) was employed and for higher concentrations the isopiestic 
method of Sinclair (2), as developed by Robinson (3). 

Following these authors, solutions of potassium chloride were used as 
standards of comparison with the long-chain acid. When the two sets of 
solutions, the known and the unknown, are rocked in an evacuated desicca- 
tor in a thermostat until equilibrium is attained, then both solutions have 
the same vapor pressure. In Robinson’s work with alkali halides he was 
able to start with solutions close to the equilibrium point, whereas it took 
many experiments to find that it required almost ten times the concentra- 
tion of the sulfonic acid to give the same vapor pressure as the potassium 
chloride standard. When this was ascertained the time of reaching equilib- 
rium was reduced to 24 hours. Thus, working with concentrations of 
tetradecyl of 0.1 to 0.5 NV, the corresponding concentrations of potassium 
chloride varied from 0.01 to 0.06 N,,. The tetradecylsulfonic acid was 
made by the method of Noller and Gordon (4). Its molecular weight was 
278.0 (theory 278.3). 

The results for both sets of experiments are recorded in terms of the 
osmotic coefficient ‘g’, which is the ratio of experimental freezing point 
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TABLE I 
Osmotic Coefficients ‘‘g’’ of Tetradecylsulfonic Acid Solutions 
From freezing point From vapor pressure lowering 
(Andresen) ) 
Conc. Nw engi Cis conc. Np KCl conc. —AP x» Cu Ce 
in equilm. 

0.0016 0.980 0.096 0.0104 0.0086 0.106 
0.0025 0.980 0.115 0.0140 0.0115 Oks 
0.0036 0.979 0.125 0.0140 0.0115 0.110 
0.0049 0.977 0.130 0.0147 0.0121 0.109 
0.0064 0.970 0.155 0.0185 0.0154 0.117 
0.01 0.955 0.232 0.0307 0.0248 0.126 
0.0156 0.922 0.259 0.0337 0.0271 0.123 
0.02 0.881 0.260 0.0350 0.0283 0.128 
0.0225 0.848 0.265 0.0350 0.0284 0.126 
0.0296 0.740 0.275 0.0367 0.0298 0.128 
0.0310 0.695 0.318 0.0440 0.0329 0.122 
0.0324 0.685 0.313 0.0414 0.0332 0.125 
0.0361 0.620 0.355 0.0461 0.0372 0.124 
0.040 0.516 0.373 0.0467 0.0378 0.120 
0.0414 0.428 0.435 0.0550 0.0443 0.120 
0.0506 0.352 


0.0529 0.315 


Oll 02 03 04 05 
: 3 | 4 06 
Cc 


Fie. 1. The osmotic coefficient g of tetradecylsulfonic acid throughout the con- 
centration range 0.0016 N. to 0.435 Ny. 
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or vapor pressure lowering to that for a completely dissociated ideal 
electrolyte. It was found that the lowering of vapor pressure calculated 
on the assumption that g (0°C.) = g (25°C.) did not vary more than 0.08 % 
from those calculated using the necessary temperature correction.! Since 
the accuracy of the work done did not warrant this small correction, the 
values are left unchanged in Table I. The results are also presented graphi- 
cally in Fig. 1. ; 
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Book Reviews 


Dynamics of Growth Processes. Edited by Epcar J. Boru. Princeton Univer- 
sity Press, 1954. Price $7.50. 

This volume contains 13 papers contributed to the Eleventh Growth Symposium 
held during June, 1952, under the auspices of the Society for the Study of Develop- 
ment and Growth and of the Committee on Developmental Biology of the National 
Research Council. The list of contributions is an impressive and representative one, 
and the scope of the volume ranges from cytochemistry, and amino acid synthesis in 
bacteria, through physical and chemical growth factors in plants and in animals, 
to the mathematics of population growth. Although chemical aspects of growth are 
referred to in every paper, only four of the papers (Novick and Sziland on amino acid 
synthesis in bacteria; Pollister on cytochemical aspects of protein synthesis; Skoog 
on chemical regulation on growth in plants; and Gaunt on chemical control of growth 
in animals) deal explicitly with chemistry. Three of these papers are biochemical in 
the usual sense, and only one (Novick and Sziland) leans heavily toward physical 
chemistry. 

The colloid chemist will find no applications of his own specialty among these 
studies. However, like all other scientists, he may find much that is stimulating and 
thought-provoking if he takes advantage of the unusual opportunity presented in 
these pages to learn easily and quickly of the rapid increase of our knowledge of 
growth processes (in plants, animals, and most interesting of all, viruses and bacteria) 
that has occurred in recent years. 

Jacinto STEINHARDT, Cambridge, Massachusetts 


Fluorine Chemistry, Volume II. Edited by J. H. Srmons (Fluorine Research Center, 
The University of Florida, Gainesville, Florida), Academic Press Inc., New York, 
1954. x + 565 pp. Price $13.50. 
This second volume in the series on Fluorine Chemistry continues the high standard 
of reference works in this field. The inorganic and organic chemists working in this 
field will find this book an invaluable summary reference by some of the outstanding 
men in the field. The chapters with contributors are as follows: 
“Fluorine Containing Complex Salts and Acids” by Alan G. Sharpe. 
“Halogen Fluorides—Recent Advances” by H. J. Emeleus. 
“Analytical Chemistry of Fluorine and Fluorine-Containing Compounds”’ by 
Philip J. Elving, Charles A. Horton, and Hobart H. Willard. 

“Organic Compounds Containing Fluorine” by Paul Tarrant. 

“Metallic Compounds Containing Fluorocarbon Radicals and Organometallic 
Compounds Containing Fluorine’? by H. J. Emeleus. 

“Fluorocarbon Chemistry”? by J. H. Simons and T. J. Brice. 

“The Infrared Spectra of Fluorocarbons and Related Compounds”’ by D. G. 
Weiblen. 

The analytical chemistry of fluorine presents a long-needed complete survey of the 
field. The chapter devoted to the fluorocarbon derivatives of the metals and non- 
metals presents a review and introduction to an increasingly active field of research. 
The almost encyclopedic chapters on the fluorocarbons and organic compounds con- 
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taining fluorine are an invaluable critical survey of work in these fields from the 
time Volume I was complete to early 1952. The new chapter in this series devoted to 
the infrared spectra of fluorine-containing organic compounds is of inestimable value 
to workers in the field and will stand for many years as a standard reference work. 
Collected here are the important spectra, interpretations, and a critical summary of 
the published data. 

The reviewer would like to draw particular attention to the chapters by Tarrant 
and Simons. There appears to be a lack of consistency in the nomenclature of fluorine- 
containing organic molecules. This results in some difficulty in the immediate under- 
standing of the compounds mentioned. There is a definite need for the standardiza- 
tion of this aspect of nomenclature. 

The use of symbols, such as #, which have been modified or changed from their 
accepted representation, gives rise to considerable confusion and sometimes to mis- 
understanding. The inconsistent use of methforyl and trifluoromethyl to mean the 
same thing, CF;-, appears to be unnecessary. This hybridization of nomenclature is 
unworthy of the subject matter presented. The average reader will have difficulty in 
justifying Simons’ statement concerning the preparation of fluorine-containing or- 
ganic compounds that ‘‘the reaction employed for the syntheses will not be those of 
organic chemistry, but will be either entirely new methods or drastic modifications of 
known organic or inorganic reactions,’’ with the facts presented in the chapter. The 
vast number of organic compounds possessing functional groups and perfluorocarbon 
radicals is attested to by the complete bibliographies of the chapters in this book, 
and it is obvious that, though the functional reactivity is modified from the stand- 
ard hydrocarbon chemistry, it is more a matter of degree than an absolute difference. 

In the reviewer’s opinion this volume deserves the attention of every chemist in 
the field of fluorine chemistry and will be of use also to chemists not actively engaged 
in the field. 

C. W. Roperts, Lafayette, Indiana 


The Proteins. Chemistry, Biological Activity, and Methods. Edited by Hans 
Neuratu and KENNETH Baitey. Academic Press Inc., New York 10, N. Y., 1954. 
Volume II, Part B, 1418 pp. Price $16.50. 

The final volume (the fourth) of this important detailed treatise on the subject 
contains authoritative chapters on Interstitial Proteins (W. L. Hughes); Proteins of 
Immune Reactions (W. C. Boyd); two chapters on Structure Proteins (J. C. Kendrew 
and K. Bailey, respectively); Proteolytic Enzymes (N. M. Green and H. Neurath); 
and Peptide and Protein Synthesis (H. Tarver). It also contains author and subject 
indices for the third and fourth volumes (Vol. II, Parts A and B). 

The articles in the final volume are up to the general high standard set by the three 
previously published. All are characterized by a high degree of inclusiveness and by 
a good measure of critical discernment in fields in which new observations have mul- 
tiplied with great rapidity in recent years. Some of the reviews of the present volume 
are thus of particular value. 

It is unfair to single out particular papers; however, the reviewer was especially 
interested in the following: 

The paper of Hughes on plasma proteins, which not only summarizes clearly much 
new information but also removes many of the earlier misstatements in the literature 
(the alleged existence of solubilities independent of amount of saturating body is 
one example). Boyd’s paper on immune proteins starts with a careful enumeration of 
empirical phenomena before discussing current theories. Bailey’s paper on the pro- 
teins of muscle covers not only chemical and enzymological aspects but also the 
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evidence from X-ray and electron microscope examination of muscle fibers. The 
paper on proteolytic enzymes by Green and Neurath not only discusses the wide 
domain of the enzymes themselves, their activators, and specificities, but also illumi- 
nates the unsettled questions and hypotheses of the mechanism of hydrolysis and its 
relation to denaturation. 

Now that this very impressive work is completed, its full stature becomes quite 
evident. It will undoubtedly remain the standard authority and reference on proteins 
and protein phenomena for many years to come. In few fields of modern science are 
workers fortunate enough to have available one as good. 

Jacinto STEINHARDT, Cambridge, Massachusetts 


LIESEGANG RINGS IN INHOMOGENEOUS MEDIA. 
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ABSTRACT 


The formation of Liesegang rings has been studied in powdered glass suspended in 
gelatin. The diffusion velocity is shown to decrease with increasing glass 
concentration. 


INTRODUCTION 


In a previous study by one of us (1) it was shown that the diffusion 
velocity of silver nitrate into gelatin partially coagulated by the addition 
of methanol is inversely related to the methanol concentration. It was as- 
sumed there that the effect of inhomogeneities on the diffusion velocity is 
mechanical, i.e., that any inert material dispersed in gelatin would produce 
the same effect as coagulated gelatin. The present work is a proof of that 

assumption. 


EXPERIMENTAL PART 
Procedure 


Measurements were carried out in the tubes described previously. Each 
tube contained 10 ml. of a solution made by dissolving 6 g. gelatin and 
0.5 g. K2CrO, in 100 g. water and the indicated amount of powdered glass. 
Tube I contained no glass, Tube II, 0.5 g. of glass, with an increment of 
0.5 g. of glass for each succeeding tube ending with 3.0 g. in Tube VII. 

The gelatin was Baker’s U.S.P. grade. The powdered glass, 200 mesh, 
was carefully mixed with the gelatin before filling the tubes. When the 
gelatin solidified the glass was homogeneously dispersed in it. The remain- 
der of the experimental procedure is as previously described. 

In order to determine whether either silver or chromate ions are ad- 
sorbed on powdered glass a chromatographic tube was packed with pow- 
dered glass and wetted successively with solutions of AgNO; and KeCrO.. 
Since the second solution added displaced the first, independently of which 
was added initially, it seems safe to conclude that neither silver nor chro- 
mate ions are adsorbed on glass. 
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If a silver nitrate solution diffuses into a tube closed at the bottom and 
packed with powdered glass wet with chromate solution Liesegang rings 
form in the usual manner. Diffusion is extremely slow, since the AgNO; 
must diffuse through the small interstices between the glass particles. 
Since the amount of KsCrO, wetting the glass is very small it is completely 
exhausted by counter diffusion and precipitation before ring formation has 
proceeded half-way down the tube. No quantitative data on this experi- 
ment are presented. 


RESULTS 


Measurements of distance x traveled by the diffusing solution in time ¢ 
were made-on the tubes referred to. A plot of these is shown in Fig. 1. 
Since the diffusion velocity is constant for 800 < ¢ < 1300 hours, average 


Tube No 


H 


S$ iw4d Bo 


ie) 200 400 600 800 1000 1200 
t(hours) 


Fia. 1. Diffusion velocity for systems of different glass concentrations. 


TABLE I 
Diffusion Velocity as a Function of the Composition of the Medium 


Tube No. Wt. % Glass x/t (mm./hr.) 

I 0 0.070 

II 4.8 0.066 
III 9.1 0.062 
IV 13.0 0.058 

V 16.7 0.058 

VI 20.0 0.054 
Vil 23 .0 0.052 
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TABLE II 
“Steady-State”? Values of x/+/t for Various Systems 
Tube No. a/V/ t (mm. hr-4) 
I 4.10 
II 3.78 
Ill 3.70 
IV 3.45 
V 3.38 
VI 3.24 
Vil 3.06 


Ox/dt (mm/hr) 


° 10 20 30 40 50 
% Inhomogeneity 


Fic. 2. Diffusion velocity as a function of per cent inhomogeneity. 


velocities were calculated from the slope of the plot. Data are shown in 
Table I. 

The diffusion velocity decreases with increasing glass concentration in a 
manner exactly analogous to gelatin partially coagulated with methanol. 

Similarly, values of x/+/¢ decrease for each of the tubes with time, 
reaching a steady value over that portion of the curve for which the x 
versus t plot is a straight line, and also decrease with increasing glass con- 
centration. This latter dependence is shown in Table II. 

A plot of x/~/t versus weight per cent glass is approximately linear as is 
a similar plot for the gelatin-methanol system, although the slope in the 
latter case is somewhat smaller. 


DISCUSSION 


As is shown by the results in the preceding section the variation of 
diffusion and Liesegang ring formation in gelatin made increasingly in- 
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homogeneous by powdered glass and methanol is qualitatively analogous 
and quantitatively similar. This confirms the assumption made in the 
earlier paper, that the effect of inhomogeneities on the diffusion velocity is 
mechanical, and that in fact an inert material dispersed in gelatin pro- 
duces the same effect as coagulated gelatin. This implies that coagulated 
gelatin has no specific adsorptive affinity for either chromate or silver ions. 

One more relation remains to be pointed out. If the steady-state dif- 
fusion velocity is plotted against per cent inhomogeneity (Fig. 2) it is 
seen that, though the plot is linear in both cases, the slope is distinctly 
less for the methanol system. If it is assumed that the relation between 
the methanol added is proportional to the inhomogeneity produced, as the 
linearity of the plot strongly suggests, then the difference in the slopes 
implies that coagulated gelatin offers less impedance to diffusion than 
does glass. Since it may be safely assumed that no diffusion occurs through 
the glass particles, this suggests that coagulated gelatin may be somewhat 
permeable to diffusing ions. 


REFERENCE 
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ABSTRACT 


The size distributions of mercury and sulfur aerosols have been investigated by a 
light scattering-settling technique and the results compared with direct electron 
microscope observations. For the larger size aerosols the maximum size obtained by 
light scattering agrees with the electron microscope maximum but the distribution 
curves differ. For smaller aerosols (maximum by electron microscope less than 0.1 ») 
the light scattering shows no maximum size. These discrepancies are attributed to 
convection and coagulation. The liquid nature of sulfur aerosols is demonstrated by 
photomicrography and a new technique of preparing them for the electron microscope 
is described. 


I. INTRODUCTION 


Methods involving (1) the scattering of light as a function of angle 
(Higher Order Tyndall Spectra) and (2) the transmission of light as a 
function of wavelength, have been developed in the Columbia University 
Laboratories over the past 13 years by V. K. La Mer and co-workers, 
notably David Sinclair, for the determination of particle size of mono- 
dispersed aerosols (1, la) and hydrosols (2-4) for the micron and sub- 
micron (5) size ranges. 

By combining these methods with differential settling (6) under gravity, 
they found (1941) it was possible to make an estimate of the distribution 
of particle size of polydispersed aerosols in the micron range. These early 
studies have recently (1950-1951) been refined and extended (7) in a series 
of reports where the importance of taking precautions to eliminate con- 
vection currents is stressed. In all cases, the Mie theory of light scattering 
and Stokes law of settling are involved; hence the methods are restricted 
to particles closely approximating spheres and to conditions permitting 
tranquil settling. 

More recently, Gumprecht and Sliepcevich (8) have extended Lowan’s 
tables of the Mie functions to larger values of the argument (7/\), thus 
enabling them to investigate the much larger sized polydispersed aerosols 
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produced by spraying. In this paper, we report on inyestigation of the 
size distribution of polydispersed mercury and sulfur aerosols by light 
seattering-settling techniques. The distribution curves thus obtained are 
compared with direct electron microscope counts. Furthermore, the very 
high density and the metallic character of mercury, requiring the use of 
the complex index of refraction, make this aerosol an interesting and unique 
material for this type of investigation. 


Il. ExperIMENTAL 


The aerosol generator was similar to that of Sinclair and La Mer (1). 
The temperature was not controlled as carefully, probably accounting for 
the greater polydispersity of our aerosols. For our purposes this was not 
an undesirable feature. 

Nuclei for the mercury aerosols were provided, at first, by a high-voltage 
discharge through a carrier gas mixture of nitrogen and oxygen, the latter 
being in excess. This suggested that the nucleating agent was an oxide of 
nitrogen. Indeed, it was possible to nucleate the mercury vapor with either 
NO or NO reacted with O»2 to form NO». NOs was the more effective 
nucleating agent, and it is even possible that small amounts, present as 
impurities, may have been responsible for the nucleating activity of the 
tank NO. No differences were observed among the aerosols produced by 
these various nuclei. Mercury aerosols could not be produced in the ab- 
sence of nuclei and such a common nucleating agent as NaCl failed to 
produce an aerosol. 

Sulfur aerosols were nucleated with H,SO, vapor (9) to produce the 
smaller particles, whereas the large-particle sulfur aerosols were prepared 
by self nucleation. . 

The nuclei laden carrier gas passed into the boiler and the reheater at 
a rate of about 2 1. per minute. The boiler temperature was maintained 
at 190° to 230°C. for mercury aerosols and 100° to 150°C. for sulfur. The 
temperature of the reheater was about 20° higher than the boiler. Both 
boiler and reheater were heated by electric mantles, and the entire unit 
was enclosed in an asbestos box. The vapors condensed to an aerosol which 
could be led to a visual viewing chamber, the light-scattering apparatus, 
or the electron microscope sample-collecting chamber. 

Because of its toxicity, the mercury was removed from the gas stream 
before flowing to the outside by heating the aerosol to over the boiling 
point of mercury and then condensing the vapors in a dry ice-acetone cold 
trap. The laboratory air was monitored by a G. E. mercury vapor de- 
tector. The apparatus was constructed entirely of glass with vacuum-tight 
Bae except for a short rubber tubing connection to the light-scattering 
cell. 


The Aminco light-scattering photometer was modified by replacing the 
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rigid platform with an elevator platform which could be raised or lowered 
during the course of an experiment to permit observations at different 
levels in the light-scattering cell. This elevator was controlled by a knob 
on the outside of the instrument so that the level could be rapidly changed 
without opening the instrument lid. The cylindrical scattering cell which 
had flat entrance and exit windows had an inside diameter of 3.7 cm. and 
an inside height of 4.1 cm. Aerosol entered and left the cell through two 
side arms. . 

In order to minimize convection the scattering chamber of the pho- 
tometer and the scattering cell were completely coated with asbestos paper 
except for holes for the light beams. Furthermore, a heat filter was placed 
in the incident beam and the path of the aerosol from the generator to the 
light-scattering cell was sufficiently long so that the aerosol had cooled to 
room temperature before entering the cell. 

When a preliminary examination in the visual viewing chamber indi- 
cated a satisfactory aerosol, it was passed through the light-scattering cell 
until the intensity of scattered light remained constant, indicating a min- 
imum of turbulence. A steady reading was usually obtained after a few 
minutes of flowing. At this point the scattering cell was closed off from the 
system and the intensity of light scattered by the aerosol at a known 
distance from the top of the cell was measured until that intensity had 
been reduced to at least 10% of its initial value. The angle of observation 
was 130° from the backward direction of the incident beam. The 5461 A. 
line of the mercury vapor light source, isolated by Corning filters, was 
used. 

Random fluctuations of the readings were usually less than 2% or 3% 
of the signal. This was due to convection in the aerosol, since the light source 
and phototube were quite stable, as shown by the steady readings obtained 
with the incident beam in the absence of aerosol. The beam width was 3 
mm. and the height 0.3 mm. The analysis of the data requires that the 
height be kept small compared to the distance from the top of the cell. 
The beam height we chose was large enough to give an appreciable scat- 
tering signal and yet sufficiently small for the analysis. We did not in- 
vestigate the effect of slit width upon the observed results. 

Immediately after closing off the scattering cell, the electron microscope 
sample-collecting chamber was filled with aerosol and then closed off from 
the system. Collodion-coated grids had been previously placed at levels 
corresponding to those at which scattering observations were to be made, 
and the aerosol particles were permitted to settle upon these. 

The size distribution of particles observed in the electron microscope 
was obtained by counting directly from the microscope screen rather than 
from photographs. The telescope through which the screen was observed 
was fitted with a reticle. 
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No preparative procedures were necessary prior to observation of the 
mercury particles in the electron microscope. Hall (10) reports that sand- 
wiching between two layers of silicon monoxide was necessary to prevent 
evaporation, in the electron beam, of mercury particles from a water 
emulsion, However, we found that our droplets were stable in the electron 
microscope without any preparative treatment. In order to confirm that 
a mercury particle could be stable in the electron microscope, some grids 
were provided with droplets formed by shearing mercury between two 
glass microscope slides. These were examined and rather than evaporate, 
they would increase in size slightly over a period of 20 minutes exposure 
to the high-intensity beam, presumably owing to accretion of pump oil 
or other contaminating material. Plate 1 is an electron micrograph of 
particles from a mercury aerosol. Plate 2 represents a particle formed by 
shearing mercury between two glass microscope slides. 

In view of our success in observing mercury particles in the electron 
microscope without any fixative procedures, we had hoped to be able to 
do the same with sulfur, which has a lower vapor pressure than mercury. 
It was possible to see sulfur particles in the microscope, but upon con- 
tinued exposure to the electron beam, they would evaporate, the small 
ones disappearing much more rapidly than the large ones. 

Attempts to sandwich the particles between layers of silicon monoxide 
were not always successful. The smaller particles apparently evaporated 
in the shadow caster, probably owing to the combined effect of the vacuum 


PLATE 1 PLATE 2 


ee 1. Electron micrograph of mercury particles in aerosol #15. Magnification 


Piate 2. Electron micrograph of mercury droplet (r = 0.6 «) formed by shearing 
mercury between two glass slides. Magnification 5500. 
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Prare 3. Electron micrograph of sulfur aerosol particles. Magnification 4125. 


and radiation from the filament, and there was no assurance that even 
those particles that were observed had not partially evaporated. A replica 
technique did not seem feasible, since sulfur is soluble in the organic solvents 
used. 

' A new procedure was finally developed that appears satisfactory for this 
system. The particles were collected on collodion-coated grids supported 
on a glass microscope slide. A second collodion film cast on water was then 
picked up by this slide, so that the particles were sandwiched between two 
films of collodion. These afforded the particles sufficient protection to 
stabilize them in the electron microscope. Plate 3 is an electron micro- 
graph of sulfur aerosol particles prepared in the above manner. 

As is well known, the particles which make up this aerosol consist of 
spheres of supercooled liquid sulfur. Their liquid nature is apparent from 
the photomicrographs depicted in Plates 4 and 5. Plate 4 is a view of some 
aerosol particles 3 hours after collection on a glass microscope slide in which 
the particles show diffraction patterns characteristic of liquid droplets. 
There is also present a crystalline mass. Upon standing the liquid droplets 
evaporate while the crystal grows. Plate 5 shows the same field of view 45 
hours after collection. By this time, the supercooled liquid sulfur droplets 
have completely evaporated and condensed upon the crystal. Intermediate 
stages of this process were observed during the intervening time. The glass 
slide was held in a vertical position and without a cover glass; yet the sulfur 
diffused from the supercooled liquid to the crystal without excessive loss 
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PLATE 4 PLATE 5 


Piare 4. Photomicrograph of sulfur aerosol particles 3 hours after preparation. 
Magnification 5950. 

Piare 5. Photomicrograph of sulfur aerosol particles 45 hours after preparation. 
Magnification 5950. 


of vapor into the atmosphere. This suggests that the diffusion may be 
along the surface. The question of whether condensation upon a crystal 
from the vapor phase takes place directly, or via a surface adsorption 
mechanism, has received considerable attention recently (12): 

The crystals are plainly apparent to the naked eye. A glass slide with 
freshly collected samples appears coated with a uniform film which is 
replaced after a time by scintillating crystal centers. The crystallization 
is inhibited by sandwiching the freshly collected aerosol between the two 
collodion films as described above. 


II. Anatysts or Lignt-Scarrertinc Dara 
Our analysis is an extension of that of Sinclair (1a) and of Gumprecht 
and Sliepcevich (8). Let the aerosol be characterized by the size distribu- 
tion n,dr which gives the fraction of particles with radii between r and 


r + dr. The intensity of light scattered by this aerosol at angle of observa- 
tion, y, is 


eo 


1 Che. Te [1] 


0 
where 77, is the scattering function of a single particle of radius, r, at 
angle of observation, y. The integral above should be multiplied by a con- 
stant determined by the aerosol concentration and the optical system. 
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However, we are not concerned with the absolute concentration of the 
aerosol and will continue with the intensity in arbitrary units. 

If uniformly mixed aerosol undergoes tranquil settling, the intensity 
of scattered light observed h centimeters from the top of the cell will remain 
constant until the largest particles have had time to fall from the top of 
the cell through the light beam. The intensity of scattered light will then 
continue to decrease as each successively larger range of particles falls 
through the beam. Figure 1 is a schematic representation of the model for 
a system consisting of three discrete size groups. 

The radius, R, of particles that have fallen from the top of the cell to 
the light beam at any given time is determined by the Stokes-Cunningham 


law 
Ay / a a ie 
R=, I 
where 
i = time. 


h = distance from top of cell to the light beam. 

p = density of the particle. 

g = acceleration of gravity. 

n = viscosity of the carrier gas. 

1 = molecular mean free path of the carrier gas. 

A = empirical constant which varies slightly with R/I. For our condi- 
tions the value 0.43 is applicable. 


Light Beam 


Light Beam 
-_ 


Intensity 


i 


emits 
Time in seconds 
Fic. 1. The four squares at top schematically illustrate tranquil settling and the 
curve below shows how the intensity of scattered light would decay with time. 
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Fic. 2. Light-scattering functions, 71 + 72, for index of refraction m = 1.46 — 4.307 
at angle of observation y = 130°. 


At any given time the decrease of the intensity of scattered light due to 
the fall out is 


—dIy = ty np dR, [3] 
and the rate of decrease of intensity is 


d . dR 
-o = ly,R NR ate [4] 


The value of dJ,/dt in the above equation is obtained from the decay of 
the intensity of scattered light as a function of time. The scattering func- 
tions, tyr, are computed from the Mie theory. The value of dR/dt is 
calculated with the aid of Kq. [2]. Equation [4] is then solved for nz, which 
is obtained in arbitrary units.2 


IV. Ligur-Scarrerina Functions 
Scattering functions were computed for the appropriate indexes of re- 


fraction. These functions, 7; and %2, are proportional to the light intensity 


* The Stokes-Cunningham law must be further refined when 1/R < 1. [See C. N. 
Davis, Proc. Phys. Soc. 57, 259 (1945).] We have found by such calculations that the 
Stokes-Cunningham law does not involve appreciable errors for the aerosols reported. 
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scattered for incident light respectively polarized vertically and horizontally 
to the scattering plane. In our work, unpolarized incident light was used 
so that the appropriate scattering function is 7; + 7s. 

The index of refraction (13-15) of mercury for light of wavelength 
5461. Ais m = 146 — 4.302. The value of 7; + 72 for this index is plotted 
in Fig. 2 as a function of a at angle of observation y = 130°; a = 2rr/n 
where r is the particle radius and } is the wavelength of the light in the 
medium. 

The index of refraction of sulfur for light of wavelength 5461 A. is m = 2. 
Functions were available at this index of refraction (16-18) for a number 
of a values and these were supplemented by additional calculations at 
a = 3.3, 3.8, 4.2, 4.4, 4.6, 5.5, 6.5, 7, 8, 10, and 12.5 for angle of observa- 
tion y = 130°. The value of 7; + 72, at y = 130° and m = 2, is plotted 
versus a in Fig. 3. 

The detailed results of these calculations will be reported elsewhere 
(18). The values for mercury include 238 values of a between 0.2 and 5.0 
at every 10° of angle of observation from y = 30° to y = 150°. 


V. RESULTS 


A typical curve showing the decay of the intensity of scattered light is 
given in Fig. 4. The light beam is 2.74 cm. from the top of the cell in this 


2 4. 6 8 10 12 
ox F2Tyh 


Fic. 3. Light scattering functions, 71 + 72, for index of refraction m = 2 at angle of 
observation y = 130° as a function of e. 
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Fig. 4. Decay of intensity of scattered light for mercury aerosol #15 at angle of 
observation y = 130°, 2.74 cm. from top of light scattering cell. 
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Fia. 5. Size distribution curves of mercury aerosol *15. Smooth curve by light 


scattering. Step curve by electron microscopy (2000 particles counted). Light scatter- 
ing 2.74 cm. from top of cell. 
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case. In Fig. 5, the size distribution obtained with these data (smooth 
curve) is compared with that obtained by direct electron microscope 
count (step curve). The ordinates have been so chosen that the curves are 
in good coincidence in the larger size range. However, below 0.07 » the 
distribution curve obtained by light scattering continues to increase while 
the electron microscope distribution goes through a maximum. This be- 
havior was typical of all our work with mercury aerosols. 

This discrepancy in the region of small sizes is undoubtedly due to con- 
vection in the aerosol. If, instead of tranquil settling, there is a holdup 
of just a small fraction of the larger sized material, this will influence the 
calculated number of small particles markedly. At the time that particles 
of a small size are presumably settling out, the decrease of intensity of 
scattered light will actually be due, in part, to the delayed settling of 
larger material. Because of their greater scattering power, a small number 
of large particles can introduce considerable error. 

To illustrate this, consider an aerosol with a size distribution given by 
the step curve in Fig. 5. Suppose that 1% of the particles larger than 0.07 
are held up by convection so that they fall out during the interval that 
particles of size 0.05 to 0.07 » have their normal fall out (3000 to 5000 sec- 
onds). The decay in intensity of scattered light during this interval would 
be increased fourfold by the holdup, and the calculated number of par- 
ticles would be larger by this factor. Furthermore, if only 0.1% of particles 
larger than 0.05 u fall out during the interval that 0.035 to 0.05 » particles 
normally fall out (5000 to 9000 seconds), the number calculated for this 
interval would be too large by a factor of nine. 

Another possible source of error might be coagulation. It would give 
rise to slight differences in size distribution obtained by observations at 
different levels in the scattering cell. Since at a lower level the observations 
extend over a greater period of time, the coagulation will proceed to a 
greater extent, and the drop out will be relatively faster, resulting in a 
distribution curve less heavily weighted in the region of smaller sizes. 
This is illustrated by the two size distribution curves in Fig. 6, which are 
obtained from observations on the same aerosol but at different distances 
from the top of the scattering cell. The curves have been plotted so that 
they meet at r = 0.174 pu. 

Coagulation produces a similar effect on the size distribution obtained 
by electron microscope count. Microscope grids placed at a lower level in 
the collection chamber will collect aerosol over a longer period of time, 
during which a greater degree of coagulation can take place than in the 
portion of the aerosol which is settling out over a grid placed at a higher 
level. Because of this, care was taken to position grids at the same distance 
from the top of the collection chamber as the intensity observations were 
taken from the top of the light-scattering cell. Figure 7 represents size 
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Fia. 6. Size distribution curves for mercury aerosol *7 from light scattering. A, 
light scattering 0.95 cm. from top of cell. B, light scattering 2.63 cm. from top of cell. 
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Fic. 7. Size distribution curves for mercury aerosol *7 from electron microscope 
count. A, 1 em. from top of collection chamber; 3600 particles counted. B,3 cm. from 
top of collection chamber; 5000 particles counted. 
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distributions at two levels obtained by electron microscope count. The 
aerosol is the same as that depicted in Fig. 6. For both methods, the distri- 
bution obtained at the lower level has a smaller proportion of the smaller 
particles. 

It should be noted that some discrepancy between the electron micro- 
scope count and the light-scattering distribution may result from co- 
agulation. Some particles observed in the microscope are coagulates whose 
drop-out times will be greater than their final size would indicate. This 
means that they would turn up in the light-scattering distribution as 
smaller particles. This, as well as convection, would contribute to the greater 
number of small particles obtained in the light-scattering distribution. 

The effect of convection should be less important for aerosols with larger 
particles. However, the aerosol chosen for illustration in Figs. 4 and 5 
represents the largest size mercury aerosol that we were able to prepare. 
Sulfur aerosols were prepared over a wider range of size distributions. 
Although convection again interferes for small-particle aerosols, its effect 
is mitigated somewhat when the sulfur aerosol particles are sufficiently 
large. 

The size distribution curves obtained by the light scattering—differential 
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Fic. 8. Size distribution of sulfur aerosol #10. Smooth curve by light scattering. 
Step curve by electron microscopy (800 particles counted). 
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Fig. 9. Size distribution of sulfur aerosol ¥*1. Smooth curve by light scattering. 
Step curve by electron microscopy (1800 particles counted). 


settling technique and by electron microscope count for a sulfur aerosol of 
small particles are presented in Fig. 8. Just as for mercury aerosols, the 
distribution curves diverge in the region of small sizes (r < 0.1p). The 
maxima in the light-scattering curve are due to the characteristics of the 
light-scattering functions and are related to the failure of our instrument 
to resolve sharply the angular pattern of the scattering. 

Figure 9 represents a sulfur aerosol consisting of larger particles. The 
two curves have been plotted so that the ordinate of the maxima correspond. 
It is obvious that, although the maximum sizes obtained by the two 
methods are in agreement, 0.55 » by light scattering and 0.66 u by electron 
microscopy, the distribution curves are not in agreement, the electron 
microscope giving a broader distribution. The extent to which convection 
and coagulation influence this discrepancy will bear further investigation. 
The possibility of accretion of particles to the walls of the settling chamber 
and the identity of the electron microscope sample with that in the settling 
chamber are additional matters that we hope will be looked into in the 
future. 
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ABSTRACT 


Light-scattering measurements have been made on solutions of the detergent, 
sodium dodecyl sulfate, in water and in sodium chloride solutions up to 0.20 M. The 
micelle weights calculated from the data increase from 11,400 in water to 24,000 to 
27,000 in the presence of 0.06 to 0.20 M sodium chloride. A discussion of the depend- 
ence of the micelle weight on sodium chloride concentration is presented. 


INTRODUCTION 


Light-scattering measurements on solutions of detergent micelles have 
been interpreted (1, 10, 13) as indicating that the micelles of these deter- 
gents increase in size (i.e., molecular weight) as low molecular weight, 
inorganic electrolyte is added to their solutions. On the other hand, 
the intrinsic viscosity of sodium dodecyl sulfate micelles in sodium chloride 
solutions (2) does not reflect such growth. 

To provide additional information concerning the effect of electrolyte 
concentration on micelle size, light-scattering measurements have been 
made on a number of aqueous solutions of sodium dodecyl sulfate. Concen- 
trations of detergent up to about 1 % and concentrations of sodium chloride 
up to 0.20 M have been used. 


EXPERIMENTAL 
Materials 


Two batches of sodium dodecyl sulfate, synthesized by the method 
described by Shedlovsky (3), were used in these measurements. For one 
batch the starting dodecyl alcohol was purified by a vacuum fractional 
distillation; only the center fraction was used. For the other, the alcohol 
was purified by repeated crystallizations from its melt. No difference 
was observed between the sodium dodecyl sulfate synthesized from the 
distilled and from the recrystallized dodecyl] alcohol. 

The chlorosulfonic acid used to sulfate the alcohol was distilled immedi- 
ately before use. All other reagents and solvents used in the preparation of 
the final product conformed to ACS specifications. 
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Light Scattering 


All turbidity measurements were made at 436 my with a light-scattering 
photometer which has been previously described (4). Solutions were pre- 
pared by a concentration technique (5). 

Refractive index increments at 436 mu were determined in the usual 
manner with a differential refractometer (6). The results are represented 
by the equation 

ae 0.120 — 0.020m, 

Ac 
where An is the refractive index change accompanying a change in the 
concentration of detergent, Ac, for fixed values of m, the molarity of sodium 
chloride. The units of An/Ac are milliliters per gram. 


RESULTS 
Dissymmetry 


As has been discussed in an earlier publication (5), a general feature of 
our light-scattering measurements on detergent solutions is the presence 
of a measurable dissymmetry, at least at detergent concentrations up to 
2.5 g./dl. With sodium dodecyl] sulfate solutions, in an average run, the 
dissymmetry of the solvent is about 1.02. On the addition of detergent 
the dissymmetry increases to about 1.385 at the critical micelle concentra- 
tion (CMC). As the detergent concentration is increased beyond the 
critical micelle concentration, the dissymmetry decreases rapidly to a value 
~ of about: 1.12 or lower and is then virtually independent of detergent con- 
centration. The effect of addition of electrolyte is merely to shift the region 
of maximum dissymmetry to lower detergent concentrations by an amount 
corresponding to the decrease in the critical micelle concentration. 

Measurements made on commercial-grade sodium dodecyl sulfate (8) 
and on pure sodium dodecyl] sulfate purposely contaminated with dodecyl 
alcohol (10) show a peak in the turbidity at the critical micelle concentra- 
tion corresponding to the peak in dissymmetry as discussed here. However, 
in none of the runs reported here was any such effect evident (see Fig. 1). 

On the basis that micelles of molecular weight about 27,000 are too 
small to exhibit internal interference with visible light and that the effect 
of the addition of electrolyte is not what is expected if external interference 
(7) is important, the observed dissymmetry must be associated with the 
presence of foreign matter in the solutions which can be solubilized within 
the detergent micelles above the CMC. 

It has been noticed that in the regions of highest dissymmetry, the 
radiation scattered at 45° fluctuates considerably, whereas this is not the 
case at either 90° or 135°. This suggests that the foreign particles are 
quite large but relatively few in number and that the correction to be ap- 
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Fic. 1. The dependence of turbidity on the concentration of sodium dodecyl sul- 
fate and on the concentration of sodium chloride. 


plied to the light scattered at 90° is considerably less than would be the 
case if the dissymmetry was due to the micelles. Hence no corrections 
have been applied to the 90° scattered flux. Although the calculated molec- 
ular weights are thus somewhat in error, this error is small and can prob- 
ably be safely included in the estimated accuracy of +5% for each of the 
calculated molecular weights. Further, since the error arising from not 


Hep/Tm x 10° 


+++} +—_4—++ 


05 10 
Cm(g/dl) 


Fig. 2. The dependence of Hey/ry on cy for sodium dodecyl sulfate micelles 
in water and in sodium chloride solutions. O, in water; ©, in 0.02 M NaCl; © in 0.06 
NaCl; @, in 0.20 M NaCl. 
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TABLE I 

The Molecular Weight of Sodium Dodecyl Sulfate Micelles 

Solvent Molecular weight 
Water 11,400 
0.02 M NaCl 19,000 
0.03 M NaCl 21,700 
0.04 M NaCl 23,100 
0.06 M NaCl 24,400 
0.08 M NaCl 24 , 400 
0.12 M NaCl 24,800 
0.20 M NaCl 26 , 800 


making a dissymmetry correction is in the same direction and of about the 
same magnitude for each molecular weight calculated, the nature of the 
dependence of molecular weight on electrolyte concentration cannot be 
questioned on these grounds. 


Turbidity and Calculation of Micelle Weight 


Each of the micelle weights was evaluated by the method of Debye (1) 
in which Hey/t is plotted as a linear function of cy. The quantity cy is 
the concentration of micelles in g./ml. and 7 (em.-) is that portion of the 
total turbidity that is due to the micelles. It is assumed that cy = ¢ — 
CMC and ry = 7 — 70, where c and 7 are the total concentration of de- 
tergent and the observed turbidity, respectively, CMC is the critical micelle 
concentration, and 70 is the turbidity at the CMC. Since unassociated 
detergent contributes a negligible amount to the total turbidity of a micellar 
solution, 70 is assumed to be equal to the turbidity of the solvent alone. 
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Fic. 3. The dependence of the molecular weight of sodium dodecy] sulfate micelles 
on the concentration of sodium chloride. O, this research; @, Phillips and Mysels (10). 
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H is the usual light-scattering constant as defined by Debye (1). The value 
of Heu/ty at cy = 0 is the reciprocal of the weight-average molecular 
weight of the micelles. | 

In each solvent, the critical micelle concentration of the detergent was 
obtained by extrapolating turbidity data obtained above the CMC back 
to the turbidity of the solvent. The values obtained in this manner generally 
fell between those of Corrin and Harkins (9) and those of Phillips and 
Mysels (10). 

Figure 1 presents a number of curves which show the dependence of 
turbidity on the concentration of sodium dodecyl sulfate and on the con- 
centration of sodium chloride. 

In Fig. 2 are shown typical plots of Hey/ry as a function of cy in water 
and in various strengths of sodium chloride. The dependence of the micelle 
weight on the concentration of sodium chloride is given in Table I and 
is shown graphically in Fig. 3. Also shown in Fig. 3 are the results of Phillips 
and Mysels (10) using the green line of mercury (546 my). Other values 
for the molecular weight of sodium dodecyl sulfate micelles are 22,000 in 
0.05 to 0.20 M sodium chloride (11) and 23,600 in water (12). 


Discussion 


In agreement with other light-scattering studies on detergents (1, 10, 
13), the data presented here indicate a dependence of the micelle weight 
on the concentration of simple electrolyte present in the solutions. In 
water, a micelle weight of 11,400 is obtained. At low concentrations of 
sodium chloride, the calculated micelle weight increases rapidly with con- 
centration of electrolyte. At electrolyte concentrations above approx- 
imately 0.05 M sodium chloride the micelle weight appears to be nearly 
independent of electrolyte concentration and has a value of about 24,000 
to 28,000. 

Such data have been interpreted (1, 10) as reflecting an increase in the 
size of the micelles on the addition of electrolyte. There are, however, some 
factors which tend to make such an interpretation less certain. 

The equation of Debye, 

He 1 

Shay + 2Be 
for the calculation of molecular weights by light scattering is applicable 
only to uncharged colloidal particles. Doty and Steiner (7), Mysels (14), 
and Hermans (17) have treated light scattering from solutions of colloidal 
ions. Their considerations lead one to expect a nonlinear dependence of 
Hc/r on ¢, the nature of the curvature depending on the magnitude of the 
charge on the colloidal ions and on the amount of simple electrolyte present 
in the systems. For a system containing colloidal ions of fixed charge and 
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their gegen-ions (i.e., no added simple electrolyte) He/r initially increases 
rapidly with c. At higher values of c the slope approaches zero. As simple 
electrolyte is added to the systems the initial slope of the curve becomes 
smaller and the decrease in slope as ¢ is increased becomes less marked. 
In the presence of sufficiently high concentrations of electrolyte, the 
curvature is virtually eliminated and Hc/r is, to all intents and purposes, 
a linear function of c. For lower values of the charge on the colloidal ion, 
the degree of curvature, even in the absence of electrolytes, is less. Of 
course, as the charge becomes zero, the simple Debye equation is applicable 
regardless of the quantity of electrolyte present. The experimental data 
of Doty and Steiner (7) for bovine serum albumen at various pH values 
show these effects quite clearly. In the light of this experimental verifica- 
tion of the characteristics of light scattering from solutions of charged 
colloidal particles, one must examine quite closely the molecular weights 
of detergent micelles obtained by a simple linear extrapolation of Heu/tm 
to cy = 0 (i.e., the CMC). 

Mysels’ equation III (14), giving the dependence of Hey/rtw on cw tor 
various values of p, the micellar charge, and x, the concentration of simple 
electrolyte, is: 


Hx 1 


P 

tu ‘T+ Celle a 
M is the molecular weight of the micelle. If one considers hypothetical 
detergent micelles of M = 25,000 and p = 20, it is possible to calculate, 
_ by means of this equation, the expected dependence of Hey/tw on Cy. In 
the absence of added electrolyte (x is taken as equal to the CMC expressed 
in appropriate units), a curve of large initial slope is obtained. The slope 
decreases as Cy, increases and it becomes apparent that, from an experi- 
mental point of view, Hey/tu must be precisely evaluated at low values 
of cy (below about 0.2 g./dl.) in order to obtain the correct value of the 
- intercept at cy = 0. Unfortunately, it is precisely in this region that errors 
in Hey/t are the largest, owing to uncertainties in the correct value of 
the CMC and to the very low turbidities involved. If one were to make a 
linear extrapolation using the more precise, higher concentration data, as 
is usually done, a micelle weight would be calculated which would be ap- 
preciably lower than the correct value. If, on the other hand, one increases 
x to between 0.06 and 0.1 equiv./l. by adding simple electrolyte to the 
system, the curves become practically linear and of small slope. It is clear 
that by adding electrolyte to the systems, the need for data at low cy is 
eliminated and a linear extrapolation of the higher concentration data is 
justified and will provide the correct value of M. 

Mention must be made of the fact that notwithstanding the uncertainties 
in Hey/tu at low cy, the data at Cr up to about 0.8 g./dl. in the absence 
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of added electrolyte do not show the anticipated curvature. This strongly 
suggests that some effect, unaccounted for by theory, is operative and 
the significance of the intercept at cy = 0 is still more uncertain. Most 
likely the difficulty arises from the assumption that the charge on the 
micelles is independent of their concentration. Such an assumption is 
probably least valid in the absence of added simple electrolyte. The electro- 
phoretic mobility of sodium dodecyl sulfate micelles (15) is indeed de- 
pendent both on the concentration of micelles and on the concentration of 
simple electrolyte. 

On the basis of the preceding discussion one cannot unhesitatingly 
ascribe the rapid increase of the calculated micelle weight at low electro- 
lyte concentration to a real growth in the size of the micelle. The micelle 
weights evaluated in the presence of 0.06 M to 0.20 M sodium chloride 
are probably reliable and indicate relatively little, if any, increase in the 
size of the micelles. This is in agreement with the results of viscosity meas- 
urements (2), and one wonders whether or not at lower electrolyte concen- 
trations, the primary effect of the addition of electrolyte is to increase the 
micelle size, or merely to increase the possibility of independent fluctua- 
tions of the micelles, thus increasing the turbidity of the solutions. 

A micelle weight of 26,000, which is approximately the value obtained 
in the presence of swamping amounts of electrolyte, corresponds to 90 
molecules of sodium dodecyl] sulfate per micelle. The total volume of this 
number of detergent molecules is consistent with that of a sphere of diame- 
ter twice the length of a sodium dodecyl sulfate molecule, as proposed by 
Hartley (16). Whether a stable micelle, having as an important dimension 
twice the length of the detergent molecule, can be formed from significantly 
less than this number of sodium dodecy] sulfate molecules is problematical. 

The experiments of Debye and Anacker (13) with hexadecyl trimethyl 
ammonium bromide in the presence of large amounts of simple electrolyte 
do no doubt reflect a real increase in the size of the scattering units with 
increasing electrolyte concentration. However, their measurements were 
made so close to the salting out region of their detergent that there is a 
possibility they were determining the particle weight of crystallites of 
detergent rather than micelles. 
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ABSTRACT 


Kaminski and McBain have reported that spontaneous emulsification takes place 
when p-xylene is carefully placed on aqueous solutions of dodecylamine hydro- 
chloride. In the present work it has been found that spontaneous emulsification does 
not occur if the dodecylamine hydrochloride is carefully purified, although apparently 
stable emulsions can be formed by shaking. These emulsions do not seem to be in 
thermodynamic equilibrium. A solution of unsaturated amine hydrochlorides will 
not produce emulsification even on shaking, but when mixed with the solution of 
purified dodecylamine hydrochloride the resulting solution is capable of spontane- 
ously emulsifying p-xylene. Solutions of the purified dodecylamine hydrochloride 
were tested with a number of organic liquids and in no case did spontaneous emulsifi- 
cation occur. Some impurity, presumably an unsaturated one, thus seems to be es- 
sential in order to induce spontaneous emulsification of hydrocarbons by aqueous 
dodecylamine hydrochloride. 


Kaminski and McBain (1) reported that emulsification proceeds spon- 
taneously when p-xylene is carefully placed on top of aqueous solutions of 
dodecylamine hydrochloride at room temperature, if the concentration of 
detergent solution is 0.1 N or greater, and some further observations were 
made by Brady and Huff (2). M. H. Peterson, in this laboratory, verified 
the observations of Kaminski and McBain, using solutions made from a 
commercial sample of amine without exacting purification. A clear solution 
of the detergent remained on the bottom, an opaque emulsion in the middle, 
and a clear layer of hydrocarbon on top, and the resulting system looked 
like a three-phase system in equilibrium. It was the original purpose of 
this work to investigate this point, and it was thought that there might be 
some interesting connections with the behavior of a binary liquid system 
containing small amounts of a third component near its critical point. 

However, when the experiments were repeated with dodecylamine 
hydrochloride and p-xylene that were purified with some care, we found 
that spontaneous emulsification did not occur even after long standing. 
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Stable emulsions of a different character were formed when the mixture 
was well shaken, if the concentration of detergent solution was greater 
than about 0.01 N. With concentrations between 0.01 and 0.05 N it was 
easy to get what looked like three phases. With greater concentrations 
very large amounts of the hydrocarbon were emulsified, and it was dif- 
ficult to get a clear upper layer. In all cases these emulsions were thick 
and viscous, some seeming almost solid. After standing for a day or so, 
the emulsions appeared inhomogeneous to the eye upon careful examina- 
tion, but after this no visible change took place. The boundary between 
the aqueous solution and the emulsion was always sharp and flat, but that 
between the emulsion and the hydrocarbon usually was uneven and billowy. 
In some cases, for no apparent reason, the aqueous solution remained 
cloudy after the emulsion was formed. In other cases it became quite clear 
after settling. The top layer of hydrocarbon was clear if formed. 

Emulsions formed by shaking at room temperature invariably decreased 
in volume when kept at 40° or 50° C. for a day or more, often seeming to 
collapse away from the walls of the container very slowly for awhile and 
then remaining stable for a long time thereafter. Emulsions formed at room 
temperature with detergent solution just slightly stronger than 0.01 N 
disappeared completely at 40° C. When returned to room temperature 
the volume of an emulsion did not seem to change so long as the mixture 
was not agitated. 


ANALYSES 


Two aqueous solutions with purified detergent were analyzed for chloride 
ion after the emulsion systems had been kept at 25°C. and atmospheric 
pressure for some time. The results were: 

Run . . No. 1 No. 2 
Normality of Cl- in aqueous solution before emulsifi- 0.0108 0.0142 


cation 
Normality of Cl- in final solution below emulsion 0.0108 0.0137 


The analysis of Kaminski and McBain (1) in the case of the spon- 
taneous emulsion at a somewhat higher concentration of detergent indi- 
cates a change in the normality of Cl- comparable to that shown in our 
Run No. 2. 

If the emulsion were truly a three-phase system in equilibrium, with 
only three components (water, hydrocarbon, and amine hydrochloride), 
then according to the phase rule the final concentration of Cl- should 
have been the same in the two cases. Since it instead remained close to the 
original concentration, we might conclude that these systems had not 
reached an equilibrium state. This conclusion could bé upset if the amine 
itself were appreciably more soluble in the xylene than the hydrochloride. 
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We believe, in any event, that no true thermodynamic equilibrium is 
established, and that this system is similar in this respect to other simple 
emulsions (3). 


EMULSIONS WITH OTHER ORGANIC LIQUIDS 


The best available organic liquids used without further purification 
gave the following results with 0.012 and 0.076 N solutions of the purified 
dodecylamine hydrochloride: benzene and toluene behaved almost exactly 
like p-xylene; ethyl ether, dibutyl phthalate, phenol and carbon tetra- 
chloride gave no stable emulsions on shaking; benzaldehyde formed a thick 
and very viscous emulsion; and cyclohexane seemed to give less viscous 
emulsions than p-xylene, but still did not appear to be in thermodynamic 
equilibrium, the emulsion setting noticeably in the course of a few weeks. 
As with the p-xylene emulsions, an increase in temperature seemed to make 
the volume of an emulsion if formed, decrease slowly for a while and to 
make the emulsions slightly less viscous. No spontaneous emulsification 
occurred. 


SPONTANEOUS EMULSIFICATION 


Since spontaneous emulsification apparently occurred only if the do- 
decylamine hydrochloride was impure, we investigated this point further. 
To this end we obtained a sample of “Armeen 12D,” a mixture of amines, 
which is manufactured by Armour and Company and is stated to be 
90% dodecylamine, 9% tetradecylamine, and 1% octadec-9-eneamine, 
from which we prepared a hydrochloride (called 12D-HCl). Some p-xylene 
was pipetted onto a 0.3 N solution of 12D-HCl, with as little mixing as 
possible. Almost immediately a faint but definite emulsion layer became © || 
visible. A 0.5 N solution of 12D-HC] caused much more pronounced spon-_ || 
taneous emulsification. There is little reason to believe that these effects 
are due to tetradecylamine hydrochloride; however, it seems reasonable to 
think that the unsaturated material might cause the spontaneous emulsi- 
fication, even though it was present in such small amounts that organic 
unsaturation could not be detected in the solutions of 12D-HCl by the 
usual tests. 

There is no commercial source of reasonbly pure unsaturated amine or 
amine hydrochloride. However, Armour and Company, through the 
courtesy of Dr. H. J. Harwood, kindly supplied us with a sample of 
““Armeen §,”’ a commercial quality amine containing a large proportion of 
unsaturated Cys amines. The hydrochloride (S-HCl) prepared from it was 
not very soluble in water. When either xylene or benzene was placed on 
top of a saturated S-HCI solution nothing happened. Even vigorous shak- 
ing caused no stable emulsification. However, solutions made up by mixing 
more concentrated solutions of the highly purified dodecylamine hydro- 
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chloride with water saturated with S-HCl did cause spontaneous emulsi- 
fication of benzene and xylene. It is clear, therefore, that some impurity, 
probably an unsaturated amine hydrochloride, is required. It is interesting 
that spontaneous emulsification can be brought about by a mixture of two 
solutions, neither of which alone is capable of causing it. It is almost 
certain that the effect studied by Kaminski and McBain and by Brady 
and Huff was caused by impurities in their dodecylamine hydrochloride. 
All of the systems which emulsified spontaneously gave much more 
opaque and viscous emulsions of far greater volume when agitated. 


EXPERIMENTAL DETAILS 


a. Preparation of Pure Dodecylamine Hydrochloride. As starting material we used 
Matheson dodecylamine with a melting range of about 24°-28°C. Distillation in a 
spinning band column under vacuum gave several middle fractions with a narrow 
boiling range and a total freezing range of 27.6° to 28.1°C. These fractions from two 
distillations were combined. An excess of concentrated HCl solution was added and 
amine hydrochloride was precipitated by partial evaporation on a steam plate. The 
product was recrystallized several times from water-alcohol and several times from 
aleohol-acetone mixtures. Very nice white needle-like crystals were obtained. Well 
over half of the amine collected from the vacuum distillation was purposely discarded 
in the recrystallizations to enhance the purity of the product. 

b. P-Xylene. Matheson white ‘label p-xylene was used. After five fractional 
crystallizations it had no detectable melting range on a thermometer graduated 
HoOeC: 

c. Preparation of “12D-HCl.”’ Excess HCl solution was added to Armeen 12D and 
the mixture was heated, stirred, and then cooled in ice. The precipitate was recrystal- 
lized once from water. It was crystalline to some extent, but was quite different 

_from the purified dodecylamine hydrochloride described in part (a), was not so easy 
to handle, and did not form any large or needle-like crystals. 

d. Preparation of ‘‘S-HC1.” Concentrated HCI solution was added to “‘Armeen 8”’ 
in excess, giving a product with the consistency of soft soap. However, hydrochloride 
precipitated from a benzene solution of Armeen § with dry HCl was not much better. 
Both products were used. 

e. Analyses. The chloride ion in the aqueous layers was determined by a potentio- 
metric titration with dilute silver nitrate solutions. A pH meter with glass electrode 
(Beckman model G) was used, the calomel electrode being replaced by a silver 
electrode made from thermal decomposition of silver oxide paste on platinum wire. 
The solutions were made strongly acid with HNO; to keep changes of pH to a mini- 
mum. The e.m.f. then depended principally on the silver ion concentration, which 
in turn depended on the chloride concentration, and gave a sharp end-point. It was 
necessary to allow about 5 minutes between addition of solution and reading of the 
pH meter near the end-point. Successive trial determinations on a dodecylamine 
hydrochloride solution gave concentrations of 0.0444, 0.0443, and 0.0444 N. 
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ABSTRACT 


An invariance of sedimentation rate with molecular weight was observed between 
certain concentrations for the polyelectrolytes sodium carrageenate and sodium algi- 
nate. This result was explained by assuming a network model which, at low concentra- 
tions, breaks up to permit sedimentation of the molecules individually. By applying 
the Kozeny equation to the flow through the network the effective specific volume and 
surface of the molecules were determined. 


INTRODUCTION 


It is known that the sedimentation constant is insensitive to the chain 
length of high molecular weight polymers (1, 2). Results obtained recently 
with polysaccharides from seaweeds have clearly demonstrated this point 
for naturally occurring polyelectrolytes (3, 4). The substances studied were 
sodium carrageenate, a sulfated polygalactose prepared from Chondrus 
crispus, and sodium alginate from a variety of brown algae. For wide 


changes in molecular weight, the graphs of the sedimentation constant, | || 


8, vs. the concentration, c, were concurrent above a certain concentration. 
Below this concentration the curves separated to give appropriately dif- 
ferent values of (s).40. Similar behavior has been reported for two samples 
of deoxypentose nucleic acid of different molecular weights (2). 

In this paper an attempt will be made to explain these results on the 
basis of an analogy proposed by Signer and Egli (5) and later by Fessler 
and Ogston (6). Above the critical concentration, the sedimenting system 
is assumed to be an interconnecting fibrous network moving through the 
solvent. It may then be treated as a permeable bed of fibrous material by 
the semiempirical Kozeny equation as modified by Sullivan (7) and Robert- 
son and Mason (8). If the pore size is smaller than the length of a molecule, 
changes in molecular weight, M, will have little effect on the flow charac- 
teristics of the network. This would produce the observed invariance of s 
with molecular weight. Below the critical concentration the network 
breaks up. The molecules sediment singly and variations of s with M are 
observed. The present work will] be concerned only with the region of 
concentration in which the network may be assumed to be intact. 
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THEORETICAL 


The model assumed is a random network of long cylindrical fibers of 
constant radius. The charge and associated counter ions are assumed to 
have no direct effect on the flow. However, the double layer will make the 
network rigid as well as binding a layer of solvent. This model is now con- 
sidered a bed of fibrous material for which the permeability, K, may be 
written (7), 


ge ls 


where Q is the volume of solvent flow per unit time, 7 the viscosity of the 
solvent, L the length of the bed, A the area of cross section of the bed, and 
P the fall in pressure across the bed. For sedimentation, K is replaced by 
a function of s, f(s). To obtain f(s) we consider a boundary at a distance 
x from the center of the rotor. Let the bottom of the cell be r from the 
center of the rotor. In Eq. [1], » remains the viscosity of the solvent; L 
and A become the length of the sedimenting column (r — x) and the area 
of cross section of the cell. The pressure, P, may be replaced by the total 
sedimenting force on the molecules per unit area of cross section. Thus, 
if p is the density of the solvent and 7 the partial specific volume of the 
unhydrated solute, 


P =a 2xc(r — x)(1 — pp), [2] 


where c is the concentration of the solute and w the angular velocity. The 
“rate of flow will be given by 


_ at 


ai eA, [3] 


Q 
where dz’ /dt is the true velocity of the boundary with respect to the solvent 
and ¢ is the void fraction or the porosity. The void fraction is the fraction 
available for flow of any given plane perpendicular to the direction of 
flow. It is also the fraction of any given volume available for fluid flow. 
Enoksson’s correction will be necessary to allow for the back flow of sol- 
vent owing to the piling up of material at the bottom of the cell (9). If 
the hydrated solute is assumed incompressible, 


Ei, igs Oa [4] 
dt e at 


where dz/dt is the observed velocity of the boundary. 
From Eas. [3] and [4] 
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Substituting in Eq. [1] 


n arjat @ ns 7A [6] 


Lit sorta ae = 6p) 


which is identical with the relationship proposed by Signer and Egli (5). 
The Kozeny equation can be written (7, 8), 


3 
Sk een [7] 
koSo? (1 = €)?? 


where ¢ and kp are factors determined, respectively, by the orientation 
and shape of the channels and Sp is the surface area per effective unit 
volume of the solid. If a is the effective volume of the hydrated molecules 
for unit weight of solute, then 


e= 1 — ae. [8] 
Also, the surface area, o, per unit weight of solute will be given by 
o = aS. [9] 
Substituting for « and So in Eq. [7] we have 
[10] 
If f(s) from Eq. [6] is now substituted for K in Eq. [10], we obtain 


LA we = a) ’ 


§ 


no : ko Cc Ul qu 

Equation [11] is the same as that proposed by Fessler and Ogston (6), 
except that the term (1 — ac)’, which is &, becomes é in their relationship. 
The difference arises because Fessler and Ogston apply the Enoksson factor 
directly to the Kozeny equation. In the present derivation it is shown that 
the Enoksson factor is canceled by the factor € necessary to relate the rate 
of flow through a plug to the true velocity of the boundary (see Eqs. [3], 
[4], and [5}). 

Before Eq. [11] can be used it is necessary to evaluate the shape factor, 
ky. The results of Robertson and Mason (8) show that at porosities lower 
than 0.8, ko is constant. Fessler and Ogston (6) assumed ko constant in 
their treatment. However, in the case of a sedimenting solute at a con- 
centration of less than 1% it is likely that the effective void fraction is 
greater than 0.8. For such high porosities (0.8 — 0.98) Sullivan (7) has 
shown that ko changes with ¢ in a manner similar to that predicted theo- 
retically by Emersleben (10) for cylinders with axes parallel to flow. The 
transition to random orientation is achieved by the orientation factor 
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¢ = cos’ 6, where 6 is the angle between the direction of flow in a pore and 
the axis of the bed. The value of ¢ will be taken as 0.5 (11, 12). 

The experimental use of Eq. [11] involves the arbitrary choice of a value 
of the effective specific volume, a. The quantity (1 — ac)*/koc is then evalu- 
ated for a series of concentrations, ky) values being obtained from the data 
of Sullivan (7). The concentration is assumed constant during a run. The 
graph of s vs. (1 — ac)*/ko c is drawn. Several such curves are constructed 
for various values of a. The graph giving the best straight line through the 
origin is then assumed to correspond to the correct value of a. From its 
slope the effective specific surface, o, can be calculated. The equivalent 
e radius, 7, can be computed for any value of the concentration (13) 

rom 


; 220 — ac) 


oc 


[12] 


If the total drag is assumed to arise from a cylindrical fiber, the diam- 
eter, D, and length per gram of solid, L,, of the fiber may readily be com- 
puted from 


and 
o = rDL,. [13] 


_ From JL, it would be possible to calculate the length of the individual 

molecules making up the network if the molecular weight were known. 
Clearly, molecular weights derived from the Mandelkern-Flory equation 
(14) cannot be used for this purpose since they are based on a random 
coil model. However, by a treatment similar to that of Scheraga and Man- 
delkern (15), a molecular weight value, /,, can be obtained by assuming a 
prolate ellipsoid of large axial ratio, p. The intrinsic viscosity is given by 


ac NvV. 
2 1001 


where N is the Avogadro number, » is a shape factor which depends on the 
axial ratio, and V, is the volume of the effective hydrodynamic ellipsoid. 
If there is no change in a when the network breaks up 


[14] 


Ve = [15] 


whence from Kq. [14] 
fn] = —. [16] 
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Thus y can be found, and a corresponding value of p for the prolate el- 
lipsoid can be abtained from the tables of Mehl, Oncley, and Simha pe 
The Svedberg equation is 


ae M,(1 i. vp) 


NF [17] 


where f is the frictional coefficient at infinite dilution. The frictional 
coefficient, fo, of a sphere having the same effective volume as the molecule 
is given by 


fo = (162 r'Ve)"?n, [18] 


which from Eq. [15] may be written 


j= (1000), (1). Da 


Substituting for f in Kq. [17] 


2/3 _ (1620'N at) ns f/fo) 
ae 


Svedberg and Pedersen (17) have compiled tables giving f/fo in terms of 
the axial ratio p. Thus M@, may be evaluated and the length of the mole- 
cule, lJ, is given by 


[20] 


M,L 
— s vo 2D 
l= [211 


RESULTS 


The sedimentation rate was measured with a Spinco ultracentrifuge at 
40° C. by the method outlined previously (3). The preparation and frac- 
tionation of the polysaccharides have also been described (3, 4). An acetate 
buffer of pH 5.5 was used throughout at an ionic strength of 0.2 for sodium 
carrageenate and 0.05 for sodium alginate. The values of (sto)e+0 and the 
intrinsic viscosity of the various fractions are given in Table I. 


TABLE I 


Physical Constants of the Fractions of Sodium Carrageenate and Alginate 


(sf) c>0 


Polyelectrolyte Fraction ns S 
F60 Bye es) 
Sodium carrageenate FC100 ils? 11.8 
FC120-A 7.0 8.0 
Sodium alginate Protonal H 14.1 7.4 
23 B 320 4.3 
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Fig. 1. sso vs. c for fractions of sodium carrageenate shown in Table I. 
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Fia. 2. sto vs. c for fractions of sodium alginate shown in Table I. 
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Fia. 3. (1 — ac)4/koc vs. syo for carrageenate network. 
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Fra. 4. (1 — ac)8/koc vs. sto for alginate network. 


The graphs of s4 vs. ¢ are given in Figs. 1 and 2. For sodium carrageenate 
(Fig. 1) sto was independent of molecular weight from concentrations of 
0.01 g. cm. * down to 0.0025 g. em. *; below this concentration the graphs 
of si vs. ¢ separated, and it was assumed that the network model no longer 
applied. As shown in Fig. 2 this range of concentration for sodium alginate 
was 0.01 g. cm. ° to 0.002 g. em. ®. 

The graphs for (1 — ac)*/ko c vs. sio for a values from 5 to 20 are shown 
in Figs. 3 and 4. The best straight line through each set of points was es- 
tablished by the method of least squares. By trial and error the value cor- 
responding to a line through the origin was obtained. For a below and 
above this critical value, the lines passed, respectively, above and below 


TABLE II 


Dimensions of the Network for Sodium Carrageenate and Alginate 


a o X 1076 D Ee KAO? Lz X 10712 
Polyelectrolyte (cm.3 g.-) (cm.2 g.) (A.) (cm. g.) (cm. g.-) 
Sodium carrageenate 11 49 89 18 99 
Sodium alginate 12 CEs 62 39 153 
TABLE III 


Molecular Weights, Lengths, and Equivalent Pore Radii for Fractions of Sodium 
Carrageenate and Alginate 


7 (A.) 
1 c= 0.01 ¢ = 0.0025 
Polyelectrolyte Fraction M, (A.) g. cm.-3 g.cm.3 
F60 790,000 2400 
Sodium carrageenate FC100 630,000 1900 360 1580 
FC120-A 290, 000 900 
; ; Protonal H 290,000 1900 1270 
Sod lginat y 
eee 23 B 74,000 500 230-20 One 


g. cm.—) 
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the origin. The line through the origin represented a value of a which satis- 
fied Eq. [11]. From the slope of the line, (1 — pv)/no” was determined, from 
which o was computed. Values obtained for a, ¢, D, and L, are given in 
Table II. Also included is the chain length per gram, L,, of the extended 
molecule based for carrageenate on the dimensions derived by Bayley 
(18) and for alginate on a Fisher-Taylor-Hirschfelder model. In Table III 
values of M, and / are given for each of the fractions. Also included are 
values of the equivalent pore radius for the highest and lowest concen- 
trations in the range for which the network model was applied. 


Discussion 


The invariance of s with molecular weight makes ultracentrifugation 
unsuitable for studying polydispersity of such molecules. For if the con- 
centration is low enough to be in the region where molecules sediment 
separately, the resolution is poor. At higher concentrations the rate of 
sedimentation is independent of M. In addition, the shape of the peak is 
governed largely by the concentration dependence. This lack of sensitivity 
to polydispersity is advantageous when studying the naturally occurring 
polyelectrolytes. For although a given component may be polydisperse a 
sharp peak will be obtained; another component may then give rise to 
another peak, thereby permitting a differentiation of components in spite 
of each component’s being present in a range of molecular weights. 

The values obtained for a are an order of magnitude higher than the spe- 
cific volume measured pycnometrically. However, a represents an effective 
partial specific volume and therefore includes water of solvation around the 
chain as well as closed pores or occluded liquid within the network. Robert- 
son and Mason (8) and Goring and Mason (13) have found values of a 
from 1.5 to 5 from the permeability of cellulose pads. Fessler and Ogston 
(6) have reported values of 4.2 and 18 for polysarcosine and nucleic acid, 
respectively. It seems likely, therefore, that a relatively large volume of 
solvent is immobilized by the network. 

At the concentrations at which the network begins to disintegrate, the 
pore radius and the molecular length should be similar. This is the case 
as shown in Table III. However, the values of 7 at the low concentrations 
are greater than the lengths of the shorter molecules. This might be ex- 
pected since molecular interaction would tend to retain the structure for 
pore sizes which were somewhat greater than the molecular length. 

The length per gram, L,, of the fibers in the network is considerably 
shorter than L, for the fully extended chain (Table II). This implies some 
coiling. A possible model is shown in Fig. 5, based on a helical configuration 
of the molecule. Each fiber is made up of a long regular coil. Water is bound 
in and around the coil to give the effective diameters shown in Table II. 
Watson and Crick (19) and others (20, 21) have proposed helical struc- 
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Fie. 5. A possible model of the polyelectrolyte network. The dotted lines are the 
effective hydrodynamic boundaries of the fibers. The full lines are the coiled poly- 
electrolyte chains. 


tures for nucleic acid. It is realized that the present analysis presents no 
direct evidence for a helix. However, such a configuration would fit pre- 
vious viscometric (22, 23) and light-scattering (24) observations on sodium 
carrageenate which indicated a rodlike shape in buffers of relatively high 
ionic strength. When the effective charge on the molecule increased at low 
ionic strength, the helix would be capable of considerable expansion, giving 
the observed large increase in viscosity (23). 

The treatment lacks a rigorous theoretical background. A more detailed 
derivation of the flow characteristics for random networks of low porosity 
might profitably be used in the above manner. 
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ABSTRACT 


The electroosmotic flow of water was investigated in homogeneous systems of 
kaolinite clay, as a function of the adsorbed counter-ion and the water content of the 
systems. The results were compared with the predictions of various theories of elec- 
troosmotic flow. Although the nature of the counter-ion affected the rate and the 
direction of flow, no simple interpretation in terms of ion hydration was warranted. 
The relation of electroosmotic flow to hydraulic permeability at various water con- 
tents was compatible with the Helmholtz-Smoluchowski electrokinetic equations. 
The equations of Schmid for fine-pored systems were not applicable. 


Inst of Symbols 


a = cross-sectional area of pores. 

A = counter-ion concentration per unit volume of pore water. 

C = constant including factors independent of water content. 

D = dielectric constant. 

E = applied voltage gradient (volts/cm.). 

Fy = the Faraday electrochemical constant. 

I = the electric current through the sample. 

= coefficient of electroosmotic permeability per unit potential drop 
(cm. volume flow/em.”/ volt/cm./sec.). 

k; = coefficient of electroosmotic permeability per unit current (cm.° 
volume flow/coulomb). 

k, = coefficient of hydraulic permeability (cm.* volume flow/em.’/em. 

water pressure/sec. for 1 cm. length). 

= effective cross-sectional area available to electroosmotic flow. 

= radius of uniform pores. 

volume of liquid flow per second. 

= the electrokinetic potential. 

= the viscosity of the pore liquid. 

= specific conductance of bulk solution. 


Bsavq5s 
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1 Present address: Mellon Institute of Industrial Research, 4400 Fifth Avenue 
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k; = specific conductance of clay-water sample. 
kp = specific conductance of pore water. 

x = specific surface conductance. 

Q = perimeter of pores. 


INTRODUCTION 


As a means of investigating electrokinetic effects at the solid-liquid 
interface, the study of electroosmosis in a clay system offers several ad- 
vantages. The ionic constitution of the bulk system can be fixed for the 
duration of the experiment, the electrical quantities can be readily measured 
for the bulk system, and the ion-exchange capacity of the solid phase is a 
constant and determinable quantity. Thus a clay-water system can be used 
to test theoretical treatments of electroosmotic flow and to determine if a 
prediction of electroosmotic flow rate can be made from other physico- 
chemical properties. The movement and drainage of water in clay systems 
is also of interest in the engineering applications of electroosmosis to soil 
stabilization. 


EXPERIMENTAL METHODS 
Materials 


Peerless ¥ 2 kaolinite supplied by the R. T. Vanderbilt Co. was chosen 
as a simple and homogeneous clay material, which could be made into 
homoionic systems by chemical treatment. This grade of kaolinite has 
been used in previous studies (1, 2, 3) of gaseous and liquid phase absorp- 
tion. The homoionic kaolinite has been the subject of considerable investi- 

gation with regard to physicochemical and engineering properties (2). 
Hydrogen kaolinite was prepared by washing batches of the natural 
Peerless *2 with 0.05 N HCl, as recommended by Puri (4), until the 
supernatant liquid was Ca** free. This was followed by washing with 
deionized water until the supernatant liquid was Cl free. Portions of this 
clay were also electrodialyzed until further treatment brought about no 
decrease in sample conductance. The base-exchange capacity of the hydro- 
gen clay was determined by potentiometric and conductometric titration 
with standard NaOH solution. The value of the exchange capacity was 
3.12 meq./100 g. Homoionic clays with alkali cations, as well as calcium, 
were prepared by adding the equivalent amount of hydroxide solution to 
the clay. The thorium clay was prepared by addition of thorium chloride 
in excess of the base-exchange capacity, followed by limited washing. 
This method has previously been described (2). 


Apparatus 


The measurement of electroosmotic flow in a homoionic clay should be a 
reasonably rapid process, or the current flow will change the nature of the 
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ions in the bulk system, i.e., electrodialysis creates a hydrogen clay at the 
anode end of the sample. Therefore the apparatus shown in Fig. 1 was | 
used for tests comparing kaolinite samples with different counter-ions. | 
“Instantaneous” flow rates were measured by timing the movement of | 
menisci in “Trubore” capillary tubes of 1.50-mm. diameter. With open 
end capillary tubes, the inward and outward flow of water could be checked 
independently, there was no question of flow impedance by a bubble as 
found by Biefer and Mason (5), and there was only one electrical current 
path in the apparatus. Ruled mirrors, calibrated in millimeters, were 
sealed to the capillaries, to aid in reading the menisci positions. By turning 
the tube in a vertical direction it was possible to record the hydraulic 
permeability of samples. The sample chamber consisted of a cylindrical 
lucite tube of 10.9 em.” cross section, ground to fit over 50/50 standard 
taper male Pyrex joints. The sample was confined between thin porous 
carbon plates about 8.0 cm. apart. To avoid the interference of bubble 
formation at the electrodes with flow rate, the electric potential was 
applied at silver-silver chloride electrodes in contact with dilute KCl 
solutions. The potential drop across the sample was measured with an 
Eico Model 214 electronic voltmeter, and the current was measured 
with a Rawson Type 501 Multimeter. Both instruments were calibrated 
with standard resistances and potentials and found to be ‘sufficiently 
accurate for the measurements involved. The apparatus was thermostated 
in an air bath at 28.0°C. 

A simplified apparatus (Fig. 2) was also used to record the electroosmotic 
flow of sodium kaolin samples of varying water content. In this apparatus 
the sample was packed between porous alundum dises, in a lucite tube | 
with the ends ground flat. Interchangeable lucite fittings were bolted to 
the ends of the tube for measurement of either hydraulic permeability or 
electroosmotic flow. The voltage was applied to platinum gauze screens in 
the end compartments, and measured between platinum gauze screens 
cemented to the alundum discs. Water flow was measured by weighing the 


4 8 c CG 8 A 
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F 1G. 1. Apparatus for rapid measurement of electroosmotic flow rate in homoionie 
kaolinite. A: “Trubore’’ capillary tubes; B: scales in mm. on mirror; C: standard | 
taper joints; D: silver-silver chloride electrodes; E: porous stones; F’: porous carbor. | 
dises; G: lucite tube; H: stopcocks. ; 


ELECTROOSMOTIC FLOW IN HOMOIONIC KAOLINITE 453 


Ciao BarrA 
H 
Y 
I G 
J 
Beahli 


Fig. 2. Apparatus for measurements of electroosmotic flow rate and hydraulic 
permeability of kaolinite at various water contents. A, B, C and A’, B’, C’: lucite 
blocks; D: lucite ring; # and #’: porous alundum discs; / and F’: platinum screens 
(measured potential drop); G and G’: platinum screen electrodes (applied potential 
drop); H and H’: overflow tubes; J and J’: drainage tubes; J and J’: lucite end blocks 
for permeability tests; AK’: ‘“Trubore”’ capillary tube; L’: scale. 


overflowing liquid. Both the alundum discs and the porous carbon discs 
chosen for the experiments were found to have very high hydraulic per- 
meability compared to the kaolinite samples. Therefore the influence of 
these materials on flow through the samples was assumed to be negligible. 

Conductance measurements on samples outside the electroosmosis ap- 
paratus were carried out in a shortened U.S.D.A. conductance cell, with an 
Industrial Instrument RC-16B bridge. 


RESULTS 
Calculation of the Electrokinetic Potential from Experimental Data 


The electrokinetic, or zeta, potential of a porous system is obtained from 
the Helmholtz-Smoluchowski equations (6): 


AnnV 
Hf 1 
Siod gDE Ul 
or) 
Arnky V 
_ trnk V 2 
era i) a P| 


where 7 is the viscosity of the liquid, D is the dielectric constant of the 
liquid, V is the volume of liquid transported in unit time, ¢ is the total 
cross-sectional area available to electroosmotic flow, # is the voltage gra- 
dient (presumably within capillaries), J is the total current, and kp is the 
specific conductance of the pore water. In the derivation of Eq. [2] from 
[1], the assumption is made that the effective cross section for electro- 
osmotic flow is numerically the same as the effective cross section for ionic 
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TABLE I 
Conductance of Kaolinite Impregnated with 0.100 N KCl 


Specific conductance 


ohm) cm.) X 103) Effective Cee 

SET aaa Me ages As measured Corrected for clay Ata tne tq? 
39.5 0.46 3.26 3.13 0.23 
43.5 0.53 4.07 3.94 0.29 
45.5 0.54 4.27 4.14 0.30 
54.0 0.59 4.85 4.71 0.35 
69.5 0.64 5.73 5.59 0.41 
114 0.74 7.03 6.89 0.51 


* Weight solution/clay X 100. 


conductance. In the case of homoionic alkali or alkaline-earth clays, the 
value of x, is obviously not that of the bulk deionized water added to the 
clay, and therefore the problem is that of evaluating either x, or gq for the 
system. This was done by a method similar to that proposed by Briggs 
(7), in which the dry clay was mixed with a salt solution and the conduct- 
ance measured. In these tests, natural Peerless *2 kaolinite was mixed 
with various amounts of 0.10 N KCl. The conductance of the natural clay, 
mixed with deionized water, was also measured and found to account for 
a small portion of the total conductance. The effective cross-sectional 
area, g, was evaluated from the corrected conductance values, as given in 
Table I. The same results allow the evaluation of x», assuming that the pore 
water conductance involves similar steric factors whether the counter-ion 
or added salt ions carry the current. 


Effect of the Counter-Ion on Electroosmotic Flow 


When various counter-ions were associated with kaolinite, the electro- | 
osmotic flow per coulomb, k,, and the zeta potential showed considerable 
variation. These quantities, as well as the per cent water (weight water/ 
weight clay X 100), the specific conductance of the sample, and the cal- 
culated specific conductance of the pore water, are given in Table II. 
Most samples were originally mixed on the basis of 53 % water. Valid com- 
parisons can be made directly between samples in the 50%-55% range. 

It can be seen that the lithium and cesium kaolinites had specific con- 
ductance and k; values qualitatively related to the differences in hydration 
of the ions. These two factors tend to act counter to each other, with the | 
result that the calculated zeta potentials are almost the same for both jj 
types of clay. Sodium kaolinite differed from lithium and cesium kaolinite, 
as it had a considerably higher specific conductance and a higher zeta 
potential. The experimental specific conductance of the sodium kaolinite 
was about half that which could be calculated on the basis of the known 
added concentration of sodium counter-ions and of the steric factor ob- 
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TABLE II 
Electroosmotic Flow in Homoionic Kaolinite 
Calculated 
Electro- Specific specific Calculated 
osmotic conductance conductance zeta 
Water Flow of sample of pore water potential 
n Content® (cc./ (ohm cm. — (kp) (ohm 
Tonic Type (%) coulomb) X 105) cm. X 105) (millivolts) 
Hydrogen 52.9 .252 5.8 17.5 —5.2 
Hydrogen? 70 2.1 ies 2.0 —5.1 
10% Hydrogen, 90% Sodium 53 19 47.3 139 —32 
Sodium 52.1 24 52.3 157 —45 
Sodium + 10% excess NaOH 53 18 60 178 —38 
Lithium 50.4 .46 16 50 —28 
Cesium 54.8 .20 25 74 —26 
Calcium 66 .25 15 39 —12 
Thorium 51.2 12 ED 17 +15 
Sodium chloride 53 0 136 400 0 


@ Weight water/weight clay X 100. 
b Drainage of electrodialyzed sample. 


tained from conductance tests with clay and potassium chloride. The ex- 
perimental specific conductance values of cesium, lithium, and calcium 
clay were nearer one-fifth of the calculated conductance. When sodium 
kaolinite samples were made up with either a deficiency or an excess of the 
amount of sodium hydroxide equivalent to the base-exchange capacity, 
the values of k; and the zeta potential were lower. 

The experimental results for calcium kaolinite, at a water content of 
66 %, showed a zeta potential less than that of the alkali clays. The water 
flow value per ion was high, as it was proportional to double the k; value. 
It is of interest that the tension needed to prevent electroosmotic flow 
(the negative of the electroosmotic pressure) was also measured on this 
sample and compared with the value calculated from electroosmotic flow 
and hydraulic permeability. Using 1.00 ma. current, the measured electro- 
osmotic tension was 78 to 79 cm. of water, while the calculated value was 
76 cm. of water. The condition of null flow was determined by a bellows 
and mirror device described by Miller (8) and kindly loaned by Dr. Miller. 
The agreement was close enough to verify the capillary flow method used 
in evaluating the electroosmotic permeability. 

The first sample of hydrogen kaolinite listed in Table II was prepared 
by washing with acid and water, and has a specific conductance higher than 
that of an electrodialyzed sample but lower than that of metallic counter- 
ion samples. The zeta potential of the hydrogen clay was low. It was found 
difficult to obtain consistent capillary flow rates on electrodialyzed clay, 
the rate being erratic and, in one case, to the direction of the anode. How- 
ever, the drainage to the cathode of a sample of hydrogen kaolinite being 
electrodialyzed was observed over a period of days, and an average flow 
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rate of 2.1 cm.’/coulomb found. The calculated zeta potential from this 
sample agreed with that of the above-mentioned hydrogen clay with a 
higher conductance and lower flow rate per coulomb. 

In accord with the effect of thorium chloride on electrophoresis measure- 
ments (2), this salt reversed the zeta potential, providing water flow to the 
anode. Addition of sodium chloride in an amount equivalent to the base- 
exchange capacity nullified electroosmosis. 

Any attempt to correlate water flow during electroosmosis with hydra- 
tion of ions encounters the fact that the magnitude of flow involved is one 
to three thousand water molecules per ion. Therefore the amount of water 
moved per ion has little relation to the hydration numbers determined by 
other means. The views on ion hydration put forward by Darmois (9, 10), 
Swyngedauw (11, 12), Collet (10, 13), and Sernesse (13) do not appear 
fruitful in the clay-water system. Considerations of the magnitude of ion- 
dipole interactions between counter-cation and water would also lead to a 
very small interaction effect at the distances involved in high degrees of 
hydration. 


The Relation of Hydraulic Permeability and Electroosmotic Flow 


Sodium kaolinite at various water contents was packed into the ap- 
paratus shown in Fig. 2, which could be used to measure either hydraulic 
permeability or continuous electroosmotic flow. The values of the electro- 
osmotic permeability per volt per centimeter, k., the flow per coulomb, ki, 
and the hydraulic permeability, k,, are listed in Table III. All coefficients 
of flow increase with increasing water content of the sample. At appre- 
ciably more than 92% water content, the clay would not form a stable 


continuous solid phase, and true electroosmotic flow could not be measured. | 


It can be noted that the hydraulic permeability increases over tenfold, 
while the flow per coulomb almost doubles and the flow per volt per centi- 
meter has increased about 40%. The hydraulic permeability, then, does 
not appear to be directly involved in the electroosmotic flow rate. These 
results are considered further in the next section. 


TABLE III 
Comparison of Electroosmotic and H ydraulic Flow in Sodium Kaolinite 
Calculated® 
Water content Porosity” q ky Re X 104 kn X 10% 
41 0.51 0.27 0.19 0.82 heal 
57 0.59 0.35 0.26 0.94 3.5 
92 0.705 0.465 0.38 1.14 14.1 


“Weight water/weight clay X 100. 

® Volume voids/total volume. 

° Effective porosity. 

4 Flow in cm.3/coulomb, 

© Flow in em.*/volt/cm./em.? area/sec. 

! Flow in em.?/em. of water hydraulic head for l-em. sample length /em.? area/sec. 
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DIscussIon 


The Relation of Pore Size, Permeability, and Porosity in the Equations of 
Helmholtz and von Smoluchowski and of Schmid 


The Helmholtz-Smoluchowski relationships for electroosmotic flow, 
given in Kgs. [1] and [2], predict that k, varies with the zeta potential 
and with the cross-sectional area available to electroosmotic flow; and k; 
varies with the zeta potential and the specific conductance of the pore 
water. As the solid-liquid ratio of an electroosmosis sample is changed, 
the average pore size, the porosity, and the hydraulic permeability also 
change. The zeta potential, a property of the solid-liquid interface, should 
be affected only by the small changes in the pore water ion concentration 
due to dilution. In the case of a porous system impregnated by a solution 
whose specific conductance is the same as bulk solution, the value of k, 
should depend directly on the effective porosity, while k; should be inde- 
pendent of porosity. However, when a homoionic clay is mixed with deion- 
ized water, the pore water conductance is contributed largely by counter- 
ions. This conductance is then surface-dependent and x, for the pore water 
can be expressed, using an equation of the form given by Bikerman (14) 
for surface conductance, as 


kp = 0 tox, (3) 


where xo is the conductance contribution of the bulk pore water, Q is the 
perimeter of the pores, a the cross section of the pores, and x the specific 
surface conductance. The equation for k; then becomes 


ki = fe 
*  Aantko + (Q/q)x)" 


In a system of uniform capillaries Q/g = 2/r, where r is the pore radius, 
so that: 


[4] 


pots SV gp : 
~ Aan[ko + (2/r)x] e 


Finally, in an ideal homoionic clay system, ko can be neglected and 


k; 


k; = SPhe [6] 

8anx 
In order to relate pore radius and measurable quantities such as per- 
meability and porosity, assumptions concerning pore structure must be 
introduced. To facilitate comparison with Schmid’s equations (15), 1% is 
assumed here that the system consists of uniform pores of circular cross 
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section, with hydrostatic flow following Poiseuille’s law. Then: 
2 


i =o [7] 
kp 3? 
where g is the effective porosity of the system. Equations [6] and [7] can 
be combined to obtain the ratio: 


Bs 225 Don nett opaty He I 
k, = rx qr 
in which ¢ and x are specific surface properties, and D a bulk property 
assumed to be independent of the pore diameter of the system. Likewise, 
k. and k, can be related from Eqs. [1] and [7] to yield 
29 0) Ae Cog 


kn Tr a 


[9] 


where a is the pore cross section.” 
The fundamental equations of Schmid for k; and k, are 


_ Fy 


Ks 


kj 


kp | [10] 


and 
k, = Fy Ak, , {11] 


where Fy represents the Faraday constant, A the counter-ion concentra- 
tion per unit volume of pore water, x; the conductance of 1 cm.* of the sam- 
ple. Both k; and k, are then directly dependent on the hydraulic per- 
meability of the sample, as well as the counter-ion concentration. When 
the Schmid equations are applied to ideal homoionic clay-water systems, 
the values of A and x, vary with the water content. In a geometrical 
relation, similar to conductance in Kq. [6], A then varies as 2/r. The sample 
conductance x; is equal to xk» X q and xk» also changes as 2/r. Therefore 


Zao (121 
Th qd 
and 

Ke = C, 

ly? uz 


C; and C, being constants. With the aid of Kq. [7], the values of Cy and C2, 
derived according to the Helmholtz-Smoluchowski equations, and C; 
and C4, derived according to the Schmid equations, may be compared. 
When this is done for the data in Table III, the values of C; are 6.3, 6.6, 
and 6.0 X 10° for r in centimeters and in volts. The values of C2 are neces- 


? This ratio can also be obtained from Kgs. [4] and [5] of L. Casagrande (16). 
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sarily constant if r is evaluated from Eq. [7]. On the other hand, the values 
of C3 are 4.2, 2.6, and 1.3 X 10°, and those of (, are 3.7, 2.2, andAl.2) 10%. 

It is not necessary, however, to make assumptions of pore structure in 
order to qualitatively compare the data with the Helmholtz-Smoluchowski 
and Schmid equations. As shown in Table III, a change of tenfold in the 
hydraulic permeability was accompanied by a doubling of k; and a 40% 
increase in k,. Neither k; nor k, increased as rapidly as obligated by a direct 
relationship with k,, unless A or x, changed much more radically than an- 
ticipated. On the other hand, k, appeared to change as the ideal porosity 
calculated from water content, rather than q calculated from conductance 
capacity. As some variation in the zeta potential with counter-ion con- 
centration is to be expected, the results are still compatible with the Helm- 
holtz-Smoluchowski equations. 

A further test of the applicability of the Schmid equations was made by 
calculating k, and k; for various homoionic clays. In order to carry out this 
calculation, A was determined from the base-exchange capacity of the clay, 
and the hydrostatic force in dynes/em.” was equated to the total elec- 
trical force in Newtons on the pore water in the sample. These values are 
about ten to several hundred times greater than the experimental values. 
Thus electroosmotic flow in these systems cannot be calculated from these 
equations with data independent of electrokinetic measurements. As 
Schmid has expressly formulated his equations for systems of pore diam- 
eter <1000 A. (17), it is no reflection on his basic assumptions that they 
do not apply to the kaolinite-water system. The calculated pore diameters 

from Eq. [7] are from 1100 to 2800 A. Michaels and Lin (18) also calculated 
pore diameters of greater than 1000 A. from their permeability study of 
the kaolinite-water system. The criterion of applicability of the Helm- 
holtz-Smoluchowski or Schmid relationships is, of course, whether the 
effective double layer thickness is negligible compared with capillary 
diameter or is distributed throughout the capillary. 
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SUMMARY 


1. Electroosmotic flow in homoionic kaolinite and water mixtures is 
affected both in rate and direction by the nature of the counter-ion, es- 
pecially by its conductance. 
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2. The amount of water moved per ion discharged is very large compared 
with hydration numbers determined by other techniques. The interpreta- 
tion of electroosmotic flow in terms of ion hydration is unsatisfactory. 

3. The zeta potential of homoionic kaolinites was calculated by means 
of the Helmholtz-Smoluchowski equations, with conductance capacity 
experiments to determine the effective porosity. The zeta potential and 
electroosmotic permeability was at a maximum when the amount of counter- 
ion was equivalent to the base-exchange capacity. 

4. The relation of electroosmotic permeability to hydraulic permeability 
was derived in terms of pore radius and porosity for homoionic clay systems. 
Both the Helmholtz-Smoluchowski and the Schmid equations were con- 
sidered. The former were found applicable to the kaolinite-water system, 
but the latter were not applicable. 
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INTRODUCTION 


Measurements of electric transport and mobility can often throw con- 
siderable light on the constitution of solutions of electrolytes. Their in- 
terpretation, although sometimes difficult, has the inherent advantage 
that it requires no information about activity coefficients and operates 
entirely in terms of concentrations. It is therefore a valuable supplement 
to thermodynamic measurements, particularly in nonideal solutions. In 
the preceding paper (1) of this series the heretofore unobtainable mobility 
of micelles of sodium lauryl sulfate (NaLS) was reported and interpreted. 
We have not applied the same method, but using radio tracers, to measure 
the average mobility of the Na* ion in order to obtain a more complete 
-picture of these solutions. The results provide an essentially independent 
confirmation of certain results previously reported by other workers and by 
our laboratory about the concentration of unmicellized ions and the ioniza- 
tion of micelles. 


EXPERIMENTAL 
Materials 


The NaLS was prepared from the purified lauryl alcohol, described pre- 
viously (2), by the same method and was undistinguishable from the one 
used in previous studies of this laboratory (1-5). 

Na” was obtained from the Atomic Energy Commission as carrier-free 
HCI solution. This was evaporated to dryness and dissolved in water for 
use. I! obtained from the same source as carrier-free bisulfite solution was 
used as received for experiments involving I”. Conversion to 103” was ob- 
tained by passing gaseous chlorine through this solution. 


1 Present address: E. I. du Pont Co., Pigments Department, Newport, Delaware. 
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Radioactivity Determination 


Known volumes of solutions were placed in test tubes and the activity 
determined using a Model DS-1 scintillation counter and a model 162 scaler 
(both manufactured by the Nuclear Instrument and Chemical Corp., 
Chicago). Counts were corrected for background and volume of liquid and 
geometry of the tubes. 


Conductivity Measurements 


Solutions were prepared and diluted by weight in distilled water equili- 
brated with the laboratory atmosphere. A Jones-Dyke (6) bridge and cells 
designed according to Jones and Bollinger (7) were used. The oil thermostat 
was kept at 25.00°C. and Joule heating was carefully avoided by applying 
a sufficiently low potential to the bridge. The cells were calibrated accord- 
ing to Jones and Bradshaw (8) as well as by intercomparison. 


Mobility Measurements 


The apparatus and procedure described in the first paper (9) of this 
series were used with only one major modification. The specificity of radio- 
active determinations permitted the analysis of the cathode and anode com- 
partments as well as of the middle tube, whereas previously only this last 
one was possible colorimetrically. The analysis of the end compartments 
was necessary in several experiments because we found that electroosmotic 
flow can be sufficiently large at low mobilities to overcome partially the 
electrophoresis so that tracer is found in both end compartments. This 
situation corresponds to Fig. 2e of the first paper (9) and was handled as 
suggested there in footnote 9. Analysis of the end compartments introduces 
always a certain complication into the calculation of results. As shown pre- 
viously (9) 


where u is the mobility, 7 the amount of electricity which has passed in 
time ¢ through the solution of conductivity x, and v is the volume swept by 
the tracer with respect to the liquid. Experimentally, the volume V of the 
central tube is known and the amount of tracer found in the anode com- 
partment, A, in the cathode C, and in the middle tube, M, are determined 
at the end of the experiment while the specific activity, s, (per ec.) of the 
tracer solution placed in the middle tube at the start is also measured. The 
material balance gives of course, 


Oey 


_A+C+M 
8 
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where 6 includes all the analytical and manipulative errors. One can express 
v in terms of any three of the four analytical quantities A, C, M, s, which 
gives normally four different values 


C—A 
y= 
Ss 
BEM 620 2aVs 
Dy 2 — 
Ss 
Vs —M — 2A 
BS SS 
Ss 
. te Se 
ee a Gus, 


Since each of these omits one of the analytical determinations they should 
be accorded equal weight. It can be shown also that v, always lies between 
v. and v3 and differs from each by 6, while it exceeds v4 by 116/V. Hence the 
average of the four values is always v1(1 — 6/4V). It may be also noted that 
v, and v3 are differences between large quantities and correspondingly 
susceptible to experimental errors. Their variation being opposite, the ef- 
fects neutralize each other, however, when thus averaged. 


ELECTROCHEMICAL DEFINITION AND RELATIONS 


Our solutions are formed by two components: H,O and NalLS, so that 
specifying the concentration c of one (N aLS) defines the solution. They are 
‘formed by three analytically determinable constituents H.O, Na, and LS. 
By using the first as the point of reference in all transport phenomena we 
need to consider only the latter two and shall denote these constituents by 
letter subscripts a and b, respectively. 

We are primarily interested in the actual species, molecular and ionic, 
which are present in our solution. We can again neglect the water and shall 
assume the simplest possible model composed of three species: simple Na* 
ions, simple LS” ions, and micelles composed of n LS” and 6n Na‘ ions. 
Hence n is the degree of aggregation of the micelle and a = 1 — 8, its degree 
of dissociation, while its (empirical) formula is NaeLS. These three species 
will be denoted by numerical subscripts /, 2, and 3, respectively. ‘These 
definitions give us a series of material balance relations 


C=C =~G=ate=at Os (1] 


where c is expressed in moles (gram formula weights) per milliliter. 

It is advantageous to define three kinds of charge: (i) 2; the real charge 
per particle of an ionic species present in solution; (ii) y; the real charge per 
mole of a species; (iii) g; a formal or intrinsic charge of the constituents 
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from which the other charges can be derived if the composition is known. 
We take naturally gq. = 1 for Na and gq = —1 for LS. 

For micelles where the degree of aggregation n may be unknown the 
charge per mole 


23 
amare ] 


is not trivial. 

The electrokinetic properties of interest (10, 11) are: (i) the mobility, u;, 
measured in the direction of the positive current in em.’/volt sec.; (ii) t:, 
the material transport number, sometimes called the transference number, 
or Hittorf number, measured along the same direction in moles/Faraday ; 
and (iii) 7, the electric transport number, sometimes called simply trans- 
port number, which is the fraction of current carried by species 7. These 
quantities are quite generally related as follows: 


t; = uic;l for any species or constituent. [3] 
ti; = T; for a species and t.g; = 7; for a constituent. [4a, b] 
>) 7; = 1 if all parts of the solution are included but once. [5] 
> uci = >> ujc;, provided Sa = Ye. [6] 


In this last equation the summations may be extended indiscriminately 
over species or constituents. 


RESULTS AND Discussion 


Measurements with the Na” tracer are translated as indicated above into 
the mobility ua of the sodium constituent and then by Eqs. [3] and [5] into 
its material transport number ¢, and the corresponding quantity ¢ for the 
LS constituent. These are shown in Table I and Figs. 1 and 2. In these 
figures, as well as further ones, the points and the lines each form a con- 
sistent set based on a number of assumptions which will be presented in 
turn. 

The mobility of the simple ions. In our interpretation we shall need the 
mobilities of the simple Na* and LS” ions in the micellar solution. For the 
sake of simplicity and consistency we shall assume that these mobilities 


TABLE I 
The Mobility of the Sodium Constituent in Sodium Lauryl Sulfate Solutions at 25°C. 
Mobility 
Conc. (wt. %) (cm.2/volt sec. X 105) 
0.2993 32.9 + 0.9 
0.3790 25.1 + 0.5 
0.5851 8.9 +0.4 
0.8418 1.8 +0.8 
1.204 —3.5 + 0.7 
2.193 —4.88 + 0.08 


3.316 —5.92 + 0.01 
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Concentration of NaLS_ moles/L. 


Fig. 1. The electrophoretic mobility of the sodium constituent in sodium lauryl 
sulfate solutions at 25°C. 


vary with the total molar concentration of the solution in the ratio in which 
the equivalent conductivity of KCl varies with the molar concentration of 
that salt. This assumes essentially that the detergent solution may, in some 
respects, be treated as a one-one electrolyte, as has been frequently advo- 
cated by McBain (10) and as has recently received direct confirmation from 
salt effects measurements by Erickson and Lingafelter (12) and a rationali- 
zation by Mukerjee (13). The assumed mobilities should represent. maxi- 
mum values. 


02 .04 06 .08 0 A2 
Concentration of NoLS moles/L. 


Fie. 2. The material transport numbers of the sodium and of the lauryl sulfate 
constituents in NaLS. 
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-02 -04 -06 -08 10 $2 


Concentration of NaLS moles/L. 


Fig. 3. The mobility of tracer I- and IO; ions in NaLS solutions. IO;- carrier- 
free. I- in presence of ca. 10-3 M carrier. 


With respect to the LS” ion this assumption is in principle susceptible to 
experimental verification because any monovalent unmicellized ion should 
have its mobility reduced to about the same extent as the unmicellized LS~ 
ion. Variation in size and shape should produce only second- and third- 
order effects. Tracer electrophoresis permits, in principle, the measurement 
of the mobility of an ion added in tracer amounts so that the properties of 
the solution remain unchanged. In practice, difficulties are encountered. 
When I” was added in trace amounts the material balance was off by as 
much as 50% owing to tenacious sorption on the apparatus. With IO; the 
results shown in Fig. 3 were obtained. When compared with calculated 
values based on the infinite dilution value of Krieger and Kilpatrick (14), 
they are obviously low, even below the critical micelle concentration, and 
scatter considerably as would be expected if some adsorption still inter- 
fered. An attempt to improve the I” results by making the solutions about 
10° °M in carrier I~ (which has no significant effect on the properties of the 
solution) gave much improved material balances for tracer I~ but the re- 
sults are of the same order as with IO; . This is shown also in Fig. 3. AF 
though somewhat disappointing, these results are believed to prove that 
our assumption is not radically wrong. 

With respect to the Na* ion no direct experimental verification seems 
possible until some ion which is not incorporated into the oppositely charged 
micelle is discovered. 

There is one complication: in dilute solutions, below the critical micelle 
concentration (cmc) the equivalent conductivity of NaLS decreases much 
less rapidly than expected. We assign arbitrarily all this anomalous behavior 
to the LS” ion and base our computation on a mobility at the cme calcu- 
lated from the conductivity and the mobility of the Na* ion. 


THE DistriBuTION or THE LS CONSTITUENT 


The mobility «, of the LS constituent is, by Kq. [6], the weighted average 
of the mobilities uw. of free LS” ions and uz of micelles: 


CU = Colg + C3Ulg (7] 
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Since Uz is given by our assumption and wu has been measured by Stigter (1) 
in the same system and over the same range of concentrations we can cal- 
culate c. and c; with the help of the material balance (Eq. [1]): 


Ue = Ue _ Ma — Us — x/Fe 
U2 — U3 Us — U3 


(8] 
and 
Cx) C= Co 


The resulting points are plotted in Fig. 4. We feel that the best present 
interpretation of these points is by the straight lines shown. On this basis 
we have drawn also the lines of the other figures. Several aspects of this 
procedure may be noted: (1) the scatter of experimental points is greatly 
multiplied in some figures but at the level of direct measurements of mobility 
(Fig. 1) the average deviation of the line from the average of the points is 
only 10 ° cm.’/v. sec., which is about equal to the average spread of the 
points. (2) If our assumption about the mobility uz of the free LS” ion is 
in error by 5%, its concentration, cz, is vitiated by about 7% at low concen- 
trations and 10% at high ones, while the effect on the concentration of 
micelles c; decreases from infinity to less than 0.3%. (3) The constancy of 
concentration of free LS”, c2, means that any LS” added above the cme goes 
entirely into the formation of micelles. This is the assumption underly- 
ing Debye’s (15) treatment of light scattering and made frequently in 
connection with solubilization and other properties of these solutions. (4) 
Our results have no direct bearing on the activity of the LS” ions but only 
‘on their concentration. The activity coefficient will be subject to two 
main and opposing influences: a reduction due to the increased concentra- 
tion of Na* ions and an increase due to the expulsion of the LS” ions from 
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Fig. 4. The concentrations of free and of micellized LS~ in NaLS solutions. 
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the double layer of micelles and their concentration in the intermicellar 
liquid (16). Kolthoff and Johnson (17) concluded from their study of cells 
with liquid junctions in the potassium laurate system that the activity of 
the corresponding ion (K*) is constant. On the other hand, consideration of 
equilibrium between charged micelles and simple ions leads to the expec- 
tation of a maximum very close to the cme (18). 

The distribution of the sodium constituent. The mobility, ua, of the sodium 
constituent is by Eq. [6] the weighted average of the mobilities u, of free 
and us of the micellized Na* ions. 


Ue = CiUWy + OC3U3. [9] 


Since uw is given by our assumption and ws by Stigter’s (1) measurements, 
the concentrations follow from the material balance (Eq. [1]): 
Ge and 6c; =C— cq. [10] 
Uy — U3 
Figure 5 shows the calculated points as well as the lines based on the assump- 
tion that c: is constant above the cmc. A 10% error in evaluating w vitiates 
¢ by less than 5.5% and gives an error in 6c; which decreases to 3.5 % at 
high concentration. 
The degree of ionization of micelles. The value of 6 is given directly from 
Kas. [8] and [10] by 
We 8C3 (u4 — Ug) (U2, — Us) 


Fg (t — Us)(u2 — Ua — x/Fe) 11} 


and the degree of ionization of the micelle a is of course 1 — 6. Figure 6 
shows the calculated points and line. It may be noted that at low concen- 
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Fic. 5. The concentrations of free and of micellized Nat in NaLS solutions. 
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02 .04 -06 .08 wd 2) a2 
Concentration of NaLS moles/L. 


Fie. 6. The degree of ionization of micelles in NaLS solutions. 


trations the results are extremely sensitive to any error in either the experi- 
ment or the calculation, whereas at high concentrations they become quite 
insensitive. This is shown by the scatter of points in Fig. 6 and also in Fig. 
7, which gives the variation of a with w at the assumed value of c, and at a 
25% higher value of c. for the highest concentration studied (0.115 M 
NaLS) and for 65 % above the cme (0.0131 M NaLS). 

We are therefore inclined to disregard the meandering of the line at lower 
concentrations and to use a straight-line extrapolation to the cmc. This 
procedure is further justified below on the basis of conductivity measure- 
ments. 

This gives a degree of ionization of 0.280 in excellent agreement with 
Stigter’s (1) value of 0.287. Whereas the experimental data are in part com- 

mon and the same model is used in both studies, the interpretations are 
completely different, Stigter’s (1) result being based on micellar size and 


<< .0131M.NoLS—> 
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Fic. 7. The effect of some variables on the calculated degree of ionization of 
micelles. Solid lines: assumed concentration of free LS~. Dashed lines: 25% higher 
value. O: assumed mobility of free Naé~ ions; @: value at infinite dilution. 
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his modification of Booth’s (19) theory of electrophoretic mobility. It may 
be also noted that if Smoluchowski’s or Henry’s theories are used instead 
of Booth’s, definitely lower results (ca. 0.15 and 0.20) are obtained (1). 

Our work therefore provides an experimental confirmation, which we be- 
lieve to be the first one, of the importance of relaxation effects in colloids, 
and of the correctness of Booth’s theory and the related calculations of 
Overbeek (20) and of Stigter (1). 

It may be also noted that the values of a increase with concentration. 
The increase is not large, from about 0.288 (average of Stigter’s value and 
our extrapolation) at the cmc to 0.350 at 3.3 % NaLS, but seems to be real. 
This effect is not due to our assumptions about mobilities of the simple ions 
for two reasons: (1) our mobilities are likely to be too high rather than too 
low; this would tend to make a low at high concentrations. (2) Even if we 
were to assume that the mobilities have the highest conceivable values, 
those of infinite dilution, the value of 6 would decrease to only 0.33 at 3.3 % 
NalLS, still considerably above the value at the cme. 

This “retrograde ionization” of micelles is not an isolated finding. Hart- 
ley (21) found the same effect in his studies of transference and Bolam and 
Trivedi (22) found it for Oden sulfur sols. Of special interest is the fact that 
an increase of a of the same order from 0.287 to 0.324 is obtained for NaLS 
at the cme from the electrophoretic mobility alone (1) as NaCl concentra- 
tion increases to 0.1 N. If these findings are all taken at their face value, 
there seems to be no satisfactory interpretation. As pointed out by Hartley 
(23), any explanation based on changing kinds of micelles can not apply to 
the behavior of the sulfur sols. On the other hand, the explanations pre- 
ferred by him of an artefact produced by an inhomogeneity of the solution 
or a compensating change of activity coefficients when the ionic strength 
increases rapidly, seem to fail for the salt effect at the cmc (1), where 
Booth’s treatment guards against the artefact and the ionic strength in- 
creases but slowly. 

It may be noted that the increased ionization goes parallel with increas- 
ing size of the micelle at the eme, and presumably also in our case. Hence 
total charge of the micelle increases faster than its size while the surface 
increases less rapidly. Therefore the surface charge density increases even 
faster than the degree of ionization. Because of the simultaneous reduction 
of the thickness of the double layer the zeta potential decreases, but less 
rapidly than it would at constant a. 

Thus the Na” gegenions seem to leave the surface while their concentra- 
tion increases greatly both in the bulk solution and in the immediate neigh- 
borhood of the surface! Apparently some new approach to the interpreta- 
tion is badly needed. 

Conductivity. Below the cmc the conductivity of NaLS solutions is 
definitely higher than predicted by the Onsager theory from the limiting 
value. This phenomenon is being investigated further and we present now 
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oe 4 & 8 1.0 12 
Concentration of NaLS % by weight 


Fic. 8. Deviation graph of conductivity of solutions of NaLS at 25°C. 


only the results above the cme, for concentrations C' from 0.25 % to 5.6 % 
by weight. Our results can be represented as a first approximation by the 
equation 


1Osies oes oS 2950-10 BI8Cr [12] 


The deviations from this line are plotted in Fig. [8] and are highly method- 
‘ical. They can be represented by the smooth line shown with an average 
deviation of 0.08% or 0.01 X 10“ in x. The line deviates from the equation 
by a maximum of 0.44% or 0.046 X 10 * in x. Measurements in this range 
by Lottermoser and Puschel (24) and by Goddard (25) agree with ours 
within their respective precisions. 

The interpretation of conductivity. It is customary to report conductivity 
measurements in terms of equivalent conductivity A. This is perfectly 
rational for strong electrolytes where A corresponds to the average mobility 
of the ions. In case of association colloidal electrolytes however A corre- 
sponds to a weighted average of the mobilities of all the species present and 
the weighting factors change rapidly. As a result the interpretation of A 
is far from simple and may be misleading. Thus for NaLS and many other 
compounds A is characterized by a minimum as shown schematically in Fig. 
9a at about 4% concentration. This could be taken as an indication that the 
nature of the solution changes in this region. If one considers, however, the 
plot of the conductivity « as shown in Fig. 90, it becomes apparent that the 
minimum in A corresponds simply to the point where the line connecting « 
to the origin becomes tangent to the curve. Its existence is conditioned by 
the fact that the « plot shows a continuous upward curvature above the 
emc. This curvature is almost constant but increases slightly and regularly 
with concentration as shown by the plot of dx/dc in Fig. 9c. Thus the process 
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responsible for the minimum is one which starts at the eme and continues 
regularly as the concentration increases. It must therefore be related to the | 
normal process of micellization. 


c-> 


Fie. 9. Schematic variation of equivalent conductivity A, conductivity «, and dif- 
ferential conductivity d«/daz in NaLS solutions. © indicates the position of the 
minimum in A-. 


Since the total conductivity of the solution is related to the mobilities, 


charges, and concentrations of the species according to Eqs. [3], [4], and |} 
[5], by 


Fluyc: = x [13] 
the value of dx/de is given by 
du; dy; dc; a4 dx 
PQ ae, vies + us CPA te Ye os [14] 


On the basis of our assumptions all the quantities involved can be ealcu- 
lated numerically and show that the main factors responsible for the upward 
slope of the « plot are, as would be expected, the increasing concentration 
of free Na” and of micelles while the increasing charge on the micelles makes 
a minor contribution which is about counterbalanced by the reduction in 
the mobility of micelles. 
When a similar calculation is extended to the second derivative of 
uiyic: it is found that the curvature of «x and the upward slope of dx/de 
are entirely due to retrograde ionization with its increase in charge of the 
micelle and more than linear concentration increase of Na* ions. The de- 


creasing mobilities of these species are the main opposing factors but are 
much smaller. 
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The smooth course of the conductivity curve and its derivatives is an in- 
dependent argument for the linear extrapolation of a which we used pre- 
viously. 
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SUMMARY 


The concentration of free LS" ions appears to be approximately constant 
and the degree of ionization of micelles seems to increase slowly with con- 
centration. These results of mobility measurements using radio Na* 
tracer and a model of a single type of micelle are in agreement with much 
previous work and thus provide a confirmation of theories of relaxation ef- 
fects in electrophoresis of large particles. On the other hand, the retrograde 
ionization of micelles remains very puzzling. 
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INTRODUCTION 


Following previous work on polyisobutylene (1), polystyrene (2), and }} 
polyvinyl acetate (3), dynamic mechanical properties are now reported for | 
polymethyl acrylate, measured in the audiofrequency range at tempera- 
tures encompassing the transition from rubberlike to glasslike consistency. |) 


MareriAL AND MrtHop 


The polymer was furnished by Picatinny Arsenal for this investigation. 
It was prepared (4) by emulsion polymerization with potassium persulfate 
as initiator and thiophenol as modifier, and fractionated from mixtures of 
benzene and ethanol. The sample chosen was refractionated twice and 
dried from frozen benzene solution. Its weight-average molecular weight 
was 2.2 X 10%. It was probably highly branched, but it is believed that 
branching has little effect on the mechanical properties in the transition 
region. Further details of the characterization of the sample will be reported 
elsewhere (4), 

Measurements of the complex shear compliance (J* = J’ — iJ”) were 
made with the double transducer of Fitzgerald and Ferry (5). Recent modi- 
fications in the apparatus have been described previously (3). Three pairs 
of disc-shaped samples were employed, molded at 100°C. at pressures of 
about 5000 Ib./sq. in. for at least 8 hr. Prior to molding, the polymer was 
dried in vacuo at 40°C.; and a porous bag of silica gel was suspended in the 
transducer apparatus to maintain a moisture-free atmosphere during 
measurements. There was no change in weight of any of the samples while 
in the transducer. 

Samples 45 had dimensions of 1146 in. (diameter) by 345 in. (thick- 
ness) and, after compression, a sample coefficient (5) of 20.2 em. at 25°C. 
Samples 46 had dimensions of 1142 in. by 34 in. and a sample coefficient 
e mae XX of a series on Mechanical Properties of Substances of High Molecular 

eight. 
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after compression of 2.75 em. Samples 48 had dimensions of 11{¢ in. by 
¥o in. and a nominal sample coefficient of 53.3 cm. 

Where the data overlapped at the same temperatures and frequencies, 
those for samples 45 and 46 agreed very well, but values of J’ and J” for 
samples 48 were smaller by about 32%. The ratios J” /J’ were in agreement 
in all cases, indicating that the latter discrepancy was due to an error in 
the sample coefficient, not unexpected in view of the extremely small 
thickness of samples 48 and the difficulty of measuring this dimension ac- 
curately. Accordingly, all the data from samples 48 were corrected by a 
constant empirical factor. 

Sample coefficients at temperatures other than 25°C. were calculated, as 
usual, on the assumption that the sample thickness remained constant. 
The change in volume with temperature was calculated taking the thermal 
expansion coefficient as 6.6 X 10-4 deg. (6, 7). 


RESULTS 


The original data for J’ and J”, measured at 12 temperatures from 25.00 
to 89.15°C. and at 8 to 12 frequencies at each temperature, from 30 to 


LOG u' (CM*/DYNE) 


2 3 
LOG FREQUENCY (GPS) 


Fra. 1. Real part of the complex compliance, plotted logarithmically against fre- 
quency at 12 temperatures as indicated. 
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LOG uJ” (CM/DYNE) 


2 3 
LOG FREQUENCY (CPS) 


Fria. 2. Imaginary part of the complex compliance, plotted logarithmically against 
frequency at 12 temperatures as indicated. 


3000 cycles/sec., are shown in Figs. 1 and 2. Where data on different sam- _ 
ples were taken at the same frequencies and temperatures, the values have 
been averaged. The results are also presented as plots of the reduced vari- 
ables J’, and J”, , calculated in the usual manner (1-3, 8) with 25°C. chosen 
as the reference temperature, in Figs. 3 and 4. For the reduction, J. (the 
limiting high frequency value of J’) was estimated to be 1.0 X 10-1 em.77, 
dyne. The shift factors ar used to reduce the frequency scale will be dis- 
cussed below. The superposition at all temperatures and frequencies is 
excellent. 

The value of J’, varies from 10-98 to 10-®-47 within the range of reduced — 
frequency covered, while J”, passes through a maximum value of 1077-%. 
The maximum value of the loss tangent J”,/J’, is 2.85, representing a 
sharpness of dispersion rather similar to that of polystyrene (maximum of 
2.75) and intermediate between those of polyvinyl acetate (maximum of 
3.55) and polystyrene (maximum of 1:65), 

The data were also calculated as the real and imaginary parts of the 
complex rigidity, G’ + iG”. The value of G’ ranged from 10®-47 to 109-79, 
and G@” passed through a maximum value of 10925. 
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LOG Jp (cM’/ DYNE) 


1 
o 


3 2 =| 0) l 2 3 4 
LOG wa, 

Fic. 3. Real part of the complex compliance reduced to 25°C., plotted logarith- 
mically against reduced frequency. Pip lift at highest reduced frequency, 25.0°C.; 
successive 45° rotations counterclockwise, successive temperatures as listed 
in Table II. 


' 
o 


LOG Jp (CM*/DYNE) 


=3 ~2 | te) I 2 3 4 
LOG Way 


Fra. 4. Imaginary part of the complex compliance reduced to 25°C., plotted log- 
arithmically against reduced frequency. Temperature key same as in Fig. 1. 


478 MALCOLM L. WILLIAMS AND JOHN D. FERRY 


TABLE I 

Relaxation and Retardation Distribution Functions Reduced to 26°C. 

Log 7 Log & (dyne/cm.?) Log L (cm.2/dyne) 
(sec.) From G’ From G” From J’ From J” 
3.0 5.58 5.50 —7.34 —7.37 
2.5 Se 5.74 —7.22 —7.23 
2.0 6.08 6.04 —7.22 —7.24 
125 6.31 6.32 —7.36 —7.35 
1.0 6.56 6.64 —7.62 . —7.52 
0.5 6.87 6.86 —7.97 —8.00 
0.0 7.03 7.16 —8.47 —8.54 
—0.5 7.48 7.50 —9.05 —9.32 
—1.0 8.11 7.91 —9.59 —9.55 
—1.5 8.62 8.67 —9.87 —9.78 
—2.0 9.00 9.08 —10.12 —10.04 
—2.5 9.06 9.07 —10.36 —10.28 
—3.0 8.98 9.04 —10.52 —10.48 
—3.5 8.98 9.00 —10.73 —10.64 
—4.0 8.50 8.95 —10.92 —10.72 


DISTRIBUTION FUNCTIONS 


The relaxation and retardation distribution functions, @ and L, reduced 
to 25°C., have been calculated from the data of Figs. 3 and 4 and corre- 
sponding plots of G’ and G” by our second approximation formulas (9), 


IN DYNES / CM? 
IN CM?/ DYNE 


LoG ® 


4 =e O 2 
LOG TIN SEC, REDUCED TO 25°C 


Fig. 5. §Distribution functions of relaxation times (®) and retardation times (L), 


plotted logarithmically, reduced to 25°C. Key to points: top black, calculated from 
G, or J'p; bottom black, from G or J’, 


pe 
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TABLE II 
Reduction Factors 
Temp. (°C.) Log ar Temp. (°C.) Log ay 
25.00 0.00 54.90 —3.88 
29.75 —0.98 59.95 —4.26 
34.85 —1.80 64.70 —4.58 
39.70 —2.42 69.50 —4.88 
44.90 —3.00 80.35 —5.42 
49.95 —3.47 89.15 —5.72 


and are listed in Table I. The agreement between real and imaginary 
sources is quite good and provides, as usual, a check on the precision and 
consistency of the measurements. The shapes of the distribution functions 
(Fig. 5) are similar to those found for other polymers in the transition 
zones between rubberlike and glasslike consistency. 

At its right end, the double logarithmic plot of © has the slope of —4 
required by the Rouse theory (10); from the intercept of a line drawn with 
this slope through the data, the friction coefficient per monomer unit, 
>, can be calculated (11, 12). Taking for a, the root-mean-square end- 
to-end distance per monomer unit, a value of 6.8 A., we find log f at 25°C. 
(in dyne sec./em.) to be 0.32. 


TEMPERATURE DEPENDENCE 


The applicability of the method of reduced variables as illustrated in 
Figs. 3 and 4 shows that the temperature dependence of mechanical 
-properties can be fully described by that of the shift factor a7, which in 
turn is practically identical with the temperature dependence of the fric- 
tion coefficient {> . Values of ar , obtained from the reduction process, are 
listed in Table II, referred to 25°C. as a reference temperature. 

It is of interest to compare the factor a7 with the corresponding factor 
by , which describes the temperature dependence of dielectric relaxation, as 
obtained from a recent analysis (13) of the dielectric dispersion data on 
this polymer reported by Mead and Fuoss (14). The values are compared 
in Fig. 6, and show excellent agreement, showing that the rates of molecular 
response to mechanical and electrical stress have the same temperature 
dependence. 

The reference temperature for the factors plotted in Fig. 6 is not 298°K. 
as in Table II but 324°K., chosen to compare the temperature dependence 
with that prescribed by a recently proposed equation (15) 

T-—T, 1] 
1016+ T —T, 
3 Log & for polyvinyl acetate and a 5%0 solution thereof (at 40°C.) as given in a 


previous paper (12) should be corrected to 1.75 and —5.25, respectively. The value 
used for a in their calculation should have been 6.9 A. rather than 2.8 A. 


log a7 = —8.86 
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Log a, and Log by 


-40 =20 


(@) 20 40 
T-T, 


Fria. 6. Loga,p (open circles) and log br (slotted circles), reduced to 7’, (= 324°K.) 
and plotted against 7’ — 7’. The curve is given by Eq. [1]. 


which with suitable choices of 7, reproduces approximately data for many . 
polymer systems in the range —50° < T — T, < 50°C. This equation 
follows the experimental values quite closely except at the lowest tempera- 
tures. A closer fit can be obtained by some alteration of the empirical 
constants in the equation; in terms of the interpretation which has been 
given (15, 16) this is equivalent to assuming that the fractional free volume 
at the glass transition temperature (f,) and its thermal expansion coeffi- 
cient (a2) are not exactly the same for all polymers, but vary somewhat 
from one polymer system to another. For example, the data in Fig. 6 can be 
fitted by taking f, = 0.024 and a2 = 5.3 & 10-4 instead of the “‘universal’’ 
values of 0.025 and 4.8 & 10-4 which were derived from Eq. [1]. This modi- 
fication will be examined further in a later communication. 

Karlier conclusions that the apparent activation energies for mechanical 
and electrical relaxations in polymethyl] acrylate are different (17, 18) were 
evidently based on an erroneous comparison of values calculated in differ- 
ent temperature ranges. The apparent activation energy is of course strongly 
temperature-dependent (13, 15), but from Fig. 6 it is clear that values for 


mechanical and electrical relaxations calculated at the same temperature 
will be practically identical. 
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SUMMARY 


The real and imaginary components of the complex compliance have been 
measured between 30 and 3000 cycles/sec. in the temperature range 25° 
to 89°C. for a sample of polymethyl] acrylate of weight-average molecular 
weight 2.2 X 10°. Results at all temperatures and frequencies superpose 
by the method of reduced variables to give the components at 25°C. over 
7.5 decades of frequency, corresponding to the transition from rubberlike 
to glasslike consistency as a function of frequency at this temperature. 
Relaxation and retardation distribution functions have been calculated, 
and the friction coefficient per monomer unit has been estimated from an 
extension of the Rouse theory. The temperature dependence of the re- 
laxation processes agrees with that derived from dielectric measurements, 
and it has been analyzed in terms of the free volume and its thermal ex- 
pansion coefficient. 
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INTRODUCTION 


Preceding papers (1-3) from this laboratory have described rheologic 
studies made on 70:30 and 50:50 butadiene-styrene latices prepared at 
higher temperatures. The present report describes similar investigations 
made on X-667 latex, which was prepared at low temperature. The aim was 
to see whether the rheologic behavior of the two types was similar, and, if 
not, in what respects they differed. The variables investigated were rate of 
shear, concentration, and temperature. 


EXPERIMENTAL 


The GR-S X-667 latex investigated was prepared by low-temperature 
technique and was supplied by the Copolymer Corp., Baton Rouge, 
Louisiana. It consisted of an aqueous dispersion of 84:16 butadiene-styrene 
copolymer emulsified with potassium oleate soap. The original concentra- 
tion of the latex was 62.2% solids and 58.6% rubber by weight. With the 
use of the conductometric titration techniques of Maron, Ulevitch, and 
Elder (4, 5), this latex was found to have the following analysis: 


Soap content 0.1354 meq./g. sample 
Free acid content 0.0024 meq./g. sample 
Dist 25°C: 9.78 


Volume to surface average diameter (D,) 1388 A. 


This concentrate was diluted with boiled, distilled water to obtain lower 
concentrations. Solids contents of the diluted latices were determined by 
drying weighed samples in a vacuum oven to constant weight. 

All flow measurements were made with the continuously variable pres- 
sure head viscometer of Maron, Krieger, and Sisko (6). Several different- 
size capillaries were used to cover the desired range. Calibration and 
operation of the viscometer have been described in detail by the above 
authors. 
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TABLE I 
Density of Polymer Calculated by Means of Equation [1] at 30°C. 
Total solids Dry rubber content Density of latex Density of rubber 
i Cr (%) d (g./cc.) dr (g./cc.) @ 
19.92 18.77 0.9812 0.923 
15.08 14.21 0.9848 0.924 
10.038 9.45 0.9884 0.924 
Cath 7.34 0.9899 0.923 
6.02 5.67 0.9912 0.923 
~ 4,02 3.79 0.9925 0.920 
3.01 2.83 0.9935 0.926 
2.16 2.03 0.9941 0.927 
2.04 1.92 0.9943 0.932 
1.46 1.38 0.9945 0.922 
0.997 0.939 0.9950 0.935 


Average 0.925 + 0.003 
+ 0.32% 


The four temperatures employed for the present study were 20.13° + 
0.04°C., 29.94° + 0.04°C., 39.74° + 0.03°C., and 50.00° + 0.02°C. 


RESULTS AND DISCUSSION 
Determination of the Volume Fraction of the Polymer 


For calculation of the volume fraction of polymer present in the latex 
_samples, it is necessary to know the density of the contained polymer. It 
was found possible to obtain this quantity from the densities of the latex 
solutions by assuming (/) that the volumes of rubber and serum were addi- 
tive, and (2) that the density of the serum was the same as that of pure 
water. On the basis of these assumptions the density of the polymer, d,, 

follows as 
GC 


~ (100/d) — [(100 = O\/as) [1] 


d, 


where d is the density of the latex solution, d, is the density of the water at 
the temperature in question, and C, is the dry rubber content of the latex 
in per cent. Results obtained in this manner are summarized in Table I. 
Over about a 20-fold concentration range, an average value of d, = 0.925 
+ 0.3% was obtained. 

The volume fraction of rubber in the latex solution is given by 


aa: 


V 100/d’ a 


v= 


where V, is the volume of the rubber and V the volume of the latex solution. 
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TABLE II 


Relative Viscosity of GR-S X-667 Latex in the Newtonian Range 
Total Volume 


Eolas Keaton Relative viscosity nr 
(%) v 20.13°C. 29.94°C. 39.74°C. 50.00°C. 
0.00 0.0000 1.000 1.000 1.000 1.000 
3.03 0.0306 1.085 1.088 1.092 Lok 
5.09 0.0515 1.157 1.164 1.172 1.183 
10.02 0.1010 1.363 1.361 1.366 1.375 
17.92 0.1795 1.819 1.845 1.841 1.854 
24.89 0.2481 2.479 2.491 2.532 2.528 


By combination of Eqs. [1] and [2] to eliminate d, the volume fraction v 
can be calculated from the equation 


v= : ; [3] 
1 + (d,/dw)((100/C,) — 1) 
Since for this latex C,, = 0.942 (total solids), and the ratio (d,/d,,) can be 
assumed to be temperature-independent, then any concentration of the 
latex is easily converted into volume fraction by means of Kq. [3]. 


Flow Behavior of the Latex 


The latex studied showed Newtonian behavior up to approximately 25 % 
solids content between 20° and 50°C. The viscosities relative to water, 7,, 
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Fig. 1. G vs. F,, plots for 55.25% solids X-667 latex. 
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-Fic. 2. G/Fn vs. Fm plots for 55.25% solids X-667 latex. 


observed in this range of temperatures and concentrations are given in 
Table II. 

Above 25% solids the latex gave non-Newtonian behavior, and here 
the standard treatment of Krieger and Maron (7) was used to obtain the 
flow curves for each concentration at the four temperatures. Typical rate 
of shear (@)-shear stress (F’,,) curves observed are shown in Fig. 1. In 

Fig. 2; in turn, are shown plots of G/F vs. F'n. Plots of this type bring 
out more clearly the non-Newtonian character of the latex, particularly 
when it is realized that a Newtonian fluid would yield a straight line parallel 
to the abscissa. 

Let us now define the relative viscosity of the latex in the non-Newtonian 
region to be 

(Gael os 

Nw Gy’ 


a [4] 
where 7, is the viscosity of water at temperature of measurement. Values 
of relative viscosity thus calculated from the G/F» vs. Fm curves at selected 
constant shear stresses are given in Table III for various concentrations of 
the latex at the different temperatures. 

An attempt was made to represent the above flow data at any given con- 
centration by means of the exponential flow equation (8, 9) 


Ft= 9'Gi [5] 
which may be rewritten to 


log n, = (1 — N) log Fn + log my’. [6] 
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Total 
solids 


(%) 
30.11 


40.27 


44.74 


49.78 


55.25 


57.53 


60.34 


61.97 
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Volume 
fraction 
v 


0.2990 


0.3970 


0.4398 


0.4876 


0.5390 


0.5603 


0.5866 


0.6017 


TABLE III 
Relative Viscosities of GR-S X-667 Latex in the Non-Newtonian Range 


Fm, 
(dynes/cm.*) 
50 
100 
200 
300 


20.13°C. 
3.249 
3.186 
3.131 
3.107 
3.085 


6.365 
6.028 
5.761 
5.641 
5.519 
9.730 
8.821 
8.220 


1112.4 
455.1 
222.5 
164.1 
125.5 
100.6 


Relative viscosity nr 
29.94°C. 


293 
.218 
.157 
132 
110 
424 
081 
802 


NINWAMWDO AAAAA Wwwww 
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1089.3 
464.0 
241.8 
176.9 
131.2 
105.3 


39.74°C. 
3.314 
3.240 
3.183 
3.157 
3.130 


6.519 
6.145 
5.832 
5.695 
5.576 


10.011 
9.216 
8.472 
8.124 
7.876 
7.791 

17.90 

15.42 

13.77 

13.02 

12.34 

12.07 


55.13 
41.80 
32.58 
28.44 
24.38 
7 we | 


109.47 
74.22 
55.13 
47.11 
39.83 
34.58 

422 .67 

219.88 

128.73 

100.17 
79.75 
67.39 

1289.5 

507.2 

258.8 

190.2 

136.0 

108.3 


50.00°C. 
3.328 
3.249 
3.192 
3.175 
3.167 


6.546 
6.175 
5.890 
5.756 
5.632 


10.143 
9.254 
8.604 
8.307 
8.008 
7.839 


18.08 
15.62 
13.81 
13.06 
12.27 
11.61 


55.33 
41.97 
33.56 
29.74 
26.08 
24.06 
117.79 
78.03 
56.01 
48 .30 
40.85 
35.11 
450.81 
237 .12 
137 .28 
105.42 
82.99 
67.62 
1304.1 
545.0 
278.7 
200.6 
142.6 
114.1 
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Here N is an index of non-Newtonian behavior (NV = 1 in the Newtonian 
limit), F, is the shear stress at the wall of the capillary, G is the rate of 
shear at the wall of the capillary, 7, is the relative viscosity of the latex, 
and 7,’ is the relative viscosity of the latex at unit shear stress. However, 
the plots of log 7, vs. log F, made of the data for various concentrations 
in the non-Newtonian region were found to be nonlinear, and hence, Eq. 
[6] was inapplicable with constant N. Similar attempts made with other 
types of equations for representation of G as a function of F’, also failed. 
Hence, attention was turned to expression of 7, as a function of v. 
Maron, Madow, and Krieger (2) employed for this purpose the equation 
aBv 


log Ue = ’ [7] 
1 — av 


where a and £@ are constants. However, this equation was also found to be 
inapplicable. Consequently, the Eilers equation (10), modified to the form 


2 
av 
w= [i+ @a|, [8] 


where a and £ are constants, was tried at any given shear stress and tem- 
perature, and was found to be satisfactory. This equation can be rear- 
ranged to the form 


= =a+ Bm” — 1) [9] 
_and hence by plotting (mn)? — 1)/v vs. (n:'” — 1) the constants a and 8 
can be obtained from the resulting straight lines at given shear stress, 


20) Fr, * 200 DYNES/CM® 


TEMPERATURE = 20.13°C 


8 10 12 14 


0 2 4 6 
inet) 


Fra. 3. Modified Eilers equation plot for X-667 latex. 
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TABLE IV 

Flow Constants for X-667 Latex 
Fn oe s10nLee 

Sd Genoa @ B ait 1/8 1.119 5 

20.18 50 1.377 1.623 2.46 0.616 0.689 

100 1.356 1.598 2.42 0.626 0.700 

200 1.353 1.564 2.42 0.639 0.715 

300 1.355 1.545 2.42 0.647 0.724 

500 1.358 1.524 2.43 0.656 0.734 

800 1.360 1.506 2.43 0.664 0.743 

29.94 50 1.405 1.622 2.51 0.616 0.689 

100 1.379 1.597 2.46 0.626 0.700 

200 1.371 1.566 2.45 0.638 0.714 

300 1.373 1.548 2.45 0.646 0.723 

500 1.377 1.527 2.46 0.655 0.733 

800 1.382 1.508 2.47 0.663 0.742 

39.74 50 1.430 1.624 2.56 0.616 0.689 

100 1.404 1.598 2.51 0.626 0.700 

200 1.396 1.568 2.50 0.638 0.714 

300 1.395 1.549 2.49 0.646 0.723 

500 1.400 1.525 2.50 0.656 0.734 

800 1.414 1.505 2.53 0.665 0.744 

50.00 50 1.464 1.624 2.62 0.616 0.689. 

100 1.435 1.599 2.57 9.625 0.699 

200 1.428 1.569 2.55 0.638 0.714 

300 1.431 1.549 2.56 0.646 0.723 

500 1.439 1.524 2.57 0.656 0.734 

800 1.457 1.502 2.60 0.666 0.745 


Fy, and temperature. A typical such plot is shown in Fig. 3. The values of 
a and 8 obtained by least squares from such plots at various F,,, and tem- 
peratures are summarized in Table IV. 

The validity of Eq. [9] can be tested further by using it to calculate v’s 
corresponding to given values of 7,, and comparing these with the observed 
v values. Such calculations at constant F,,’s ranging from 50 to 800 dynes/ 
em.” and at all four temperatures show the agreement between the equation 
and experiment to be within better than 2%. 

The values of a in the third column may be seen to be independent of F’, 
but dependent on temperature, while the values of 8 (fourth column) vary 
with F,, but are independent of temperature at any given shear stress. 


It was found that the variation of a with temperature can be represented 
by the equation 


a = 0.5165 + 0.002855 T, [10] 

where 7’ is the absolute temperature, and the variation of 6 with i, by 
1 + 0.004 - 

a2 + 0.00466 F. [11] 


0.600 + 0.00317 F, 
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Substituting Eqs. [10] and [11] into Eq. [8], we obtain finally 


sng E ub (0.5165 + 0.002855 7)» {| 
: 1 — (1 + 0.00466 F,,/0.600 + 0.00317 F,,) 


which is the equation representing the flow behavior of this latex as a func- 
tion of F», T, and v. Furthermore, although Eq. [12] was deduced from the 
flow data in the non-Newtonian region, it also reproduces very satisfac- 
torily the data for the Newtonian range shown in Table II. 


12] 


Limiting Conditions of Flow Predicted by Eq. [8] 
On taking logarithms of both sides of Eq. [8] we obtain 
ln, = 2in(1 + ah 
When v — 0, fv is negligible compared to unity, and hence 
In n, = 2In (1 + av). 
Since as v — 0, 7; is close to unity, and av becomes small compared to 1, 
expansion of the logarithms in series yields 
nr — 1 = sp = 2av 
or 


ep — Qo, [13] 
v 


Consequently, on approach to infinite dilution Nsp/v should equal 2a, and 
this, in turn, should be equal to 2.50, in line with the Einstein theory (11) 
of dilute suspensions of spheres. 

Inspection of Table IV shows that in all instances the values of 2a are 
larger than the expected 2.50, and range in fact from 2.72 to 2.88. How- 
ever, the values of a were obtained on the basis of v, the volume fraction 
of rubber only, whereas the actual volume occupied by the particles, v;, 1s 
larger than v because of the adsorbed monolayer of soap. Now, Maron, 


Madow, and Krieger (2) have shown that 
Vt a: 6A 14 
v = 1 == De [ ] 


where D, is the volume to surface average diameter of the latex particles, 
1388 A. for the latex under study, and A is the length of the adsorbed soap 
molecule, which is 27.5 A. for oleate soap. Inserting these values of D, 
and A into Eq. [14] we obtain v = v,/1.119, and insertion of this value of 
vy into Eq. [13] yields 
‘sp = 20 {1 5] 
Vt Tel 19 : 


and hence 2a/1.119 should be equal to the Einstein 2.50 factor. 
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The values of (2a/1.119), given in column 5 of Table IV, range now from 
2.42 to 2.62, and give an average value of 2.50 + 0.05, in excellent accord 
with the predictions of the Einstein equation. 

Equation [8] also predicts that 7, will become infinite when v = 1/8. 
For rhombohedral close packing of nonuniform spheres the volume fraction 
at which the viscosity becomes infinite should be 0.74 to 0.78 (12). How- 
ever, the values of 1/8 listed in column 6 of Table IV are considerably 
lower than expected, again owing to the fact that no allowance has been 
made for the adsorbed layer of soap. When this is done, by multiplying 
1/8 by the factor given by Eq. [14], we obtain the results shown in the 
last column of Table IV. These corrected volume fractions are inde- 
pendent of temperature, but increase slightly from v, = 0.69 at F, = 50 
to v, = 0.75 at Fn = 800 dynes/cm.”. The fact that they are lower than 
expected for rhombohedral packing of nonuniform spheres suggests that 
the close packing in this system is tetragonal rather than rhombohedral, 
with each particle having 10 rather than 12 close neighbors (12). For such 
a packing v, should be 0.70 to 0.74, which is very close to the observed 
values. Furthermore, the results indicate that the packing becomes tighter 
as F’,, increases, and tends to become rhombohedral at higher shearing 
stresses. 

Effect of Temperature on Flow Behavior 
The variation of viscosity of a fluid with temperature can be represented 
by the relation 
0 In 20 = ie E 
OL ames 
where F is the energy of activation for flow. In terms of relative viscosity, 
Kq. [16] becomes 


[16] 


jinn, (oo ie 
ae ( RP? ) 7] 
or 
inn, _ (BE — By) | 
d(1/T) - R 5) [18] 


where E. is the energy of activation for flow of water. Again, by differen- 
tiation of Eq. [12] with respect to (1/T) at constant v and F,, we obtain 
[: In B| _ ___ —0,00571 v7’ 
O1/T) |.rm 1 — B(F nyo + a(T)v’ 
where a(7) and @(F',) are the functions given by Eqs. [10] and [11]. It 
follows, therefore, from Kiqs. [18] and [19], that 


0.00571 vT” 
E,, oy E => 
1 = BO peering [20] 


[19] 
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ie) 0.10 a20 0.30 0.40 0.50 0.60 
VOLUME FRACTION - vy 


Fic. 4. Variation of (#H, — E) with volume fraction. 


Using Eq. [20], values of (#,, — H) were calculated at selected values of 
v, T, and F,,. The results showed that (#,, — E) varied only slightly and 
insignificantly with F,, and T, and that the significant variation of (H,, — E) 
is with v. This variation, shown in Fig. 4, indicates that (HZ, — EF) is posi- 
tive and increases almost linearly with v. This means that the energy of 
activation for flow of the latex is lower than that for pure water; and, fur- 
thermore, that H is the smaller the more concentrated the latex. It should 
be emphasized, however, that the biggest difference between #,, and H 
is only 0.72 kcal. at v = 0.60, which amounts to about 20% of E., in this 
region (13). From these results it is evident that to a first approximation 
the variation in the viscosity of the latex with temperature is due primarily 
to the change in the viscosity of the water. Again, the small observed in- 
crease of 7, with temperature at any given v is due to the change in the ac- 
tivation energy of the water caused by dispersion in it of the polymer 
particles. The direction of the change in F is such as to suggest that with 
increase in v the medium becomes less polar and associated, and hence 
that the dispersion of the polymer particles operates to decrease the extent 
of hydrogen bonding of the water. 


Deviation of Latex from Newtonian Behavior 
Differentiation of Eq. [12] with respect to F,, at constant v and T leads to 


j 0 1n 7, | 

0 In Jie v,T [21] 
z —0,00075 v°F'm a(T’) 
~ (0.600 + 0.00317 Fn) — B(Fm)v)il — B(Fm)v + a(T)o]’ 


Again, if we consider Eq. [6] as a flow equation with variable N at any 
given v and 7’, then differentiation with respect to F'n yields 


0 In 7, iE do 
E In a i (1 a Bal 
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0.12 


(N—1) 


0.80 


2 
Fn ~ DYNES /CM 


Fig. 5. Dependence of (N — 1) on F,, and.v for X-667 latex. 


From these two equations it follows, therefore, that 


a 0.00075 v° Fn a(T) 
~ (0.600 + 0.00317 F,,)?(1 — B(F,,)o][1 — B(F,)v + afT)0] 


Equation [23] expresses the deviation of the latex from Newtonian flow as a 
function of v, 7’, and F,,,. Using this equation (V — 1) values were calcu- 
lated at the four temperatures for various values of v and F,. These proved 
to be independent of temperature within 1% or less, and to be a function 
primarily of v and Fn. 

The manner in which (NV — 1) varies with F,, at various values of v is 


(N — 1) . [23] 


given in Fig. 5. These curves show that the deviation from Newtonian — 


flow behavior increases with concentration at any given value of Fp. 
Again, for values of v up to ca. 0.44, (NV — 1) is only slightly dependent on 
F,. Above v = 0.44, however, the values of (V — 1) increase with de- 
creasing F’,,, and then pass through maxima at F’»’s which are the lower the 
higher the concentration. Although such a maximum was not observed at 
v = 0.60, it is conceivable from the shape of the curve that a maximum 
may appear below F’,, = 50 dynes/em.. 

The results shown in Fig. 5 suggest that it would be of considerable in- 
terest to ascertain the dependence of (V — 1) on F’, at shear stresses below 
those investigated here. Such a study is under way at present in this 
laboratory. 
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SUMMARY 


The flow behavior of a GR-S latex prepared at low temperature was 
studied at volume fractions up to 0.60 over a shear stress region of 50-800 
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dynes/cm.’, and over a temperature range of 20° to 50°C. The latex was 
found to be Newtonian below a volume fraction of 0. 25, and non-New- 
tonian above this concentration. Unlike some precedine. latices investi- 
gated, the dependence of flow of this latex on shear stress could not be 
represented by the exponential equation, nor could the concentration 
dependence be expressed by the logarithmic equation employed before. 

However, the flow behavior of this latex could be represented by a two- 
parameter modified Hilers equation in which one of the parameters is a 
function of the temperature, the other, of shear stress. The limiting form 
of the expression as the volume fraction v approaches zero yielded 7,,/v = 
2.50 + 0.05, as against the expected Einstein value of 2.50 for dilute sus- 
pensions of spheres. Again, the expression predicted for the volume frac- 
tions at which the viscosity becomes infinite values ranging from 0.69 at 
F,, = 50 to 0.75 at F, = 800 dynes /cm.’. These values indicate that the 
close packing of the nonuniform spheres in the latex is primarily tetragonal, 
with a transition to rhombohedral packing as fF’, increases. 

The results also show that the variation of the viscosity of the latex with 
temperature is due primarily to the change in the viscosity of the water, 
and only secondarily to the decrease in the energy of activation for flow 
of the latex with increase in concentration. Finally, it was found that the 
deviation of the latex from Newtonian behavior is essentially independent’ 
of temperature, and dependent only on shear stress and concentration. The 
dependenceé on shear stress is more complicated, with maxima occurring 
in the curves at shear stresses which are the lower the higher the volume 
~ fraction of polymer in the latex. 
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INTRODUCTION 


Rheologic studies of synthetic rubber latices published to date from this 
laboratory (1-4) have dealt with systems containing butadiene-styrene 
copolymers as the disperse phase. In order to ascertain whether the nature 
of the disperse phase makes any significant difference in the rheology of a 
latex, a study was made of the flow behavior of Neoprene Type 60 latex, 
where the disperse phase consists of polychloroprene and hence is quite 
different from those investigated before. 

The variables studied were shear stress and concentration at a constant 
temperature of 29.94°C. The range of shear stresses covered was 30-800 
dynes/cm.’, and the concentration range extended from 0 to 60% solids. 


EXPERIMENTAL 


The Neoprene Type 60 latex was obtained from the E. I. du Pont de 
Nemours and Company of Wilmington, Delaware. This latex was prepared 
by polymerizing 2-chloro-1 ,3-butadiene to Neoprene Type 57 latex, and 
then concentrating the latter by creaming with approximately 0.15 part 
of ammonium alginate. The product as received contained sodium N- 
rosinate soap as the emulsifier, had a total solids content of 63.03%, and 
a‘rubber content of 54.21% by weight. With the use of the conductometric 
titration technique of Maron, Ulevitch, Elder, and Moore (5-7), this latex 
was found to have a volume-to-surface average diameter of D, = 1100 A. 

For each concentration investigated a well-agitated sample of latex 
was withdrawn from the original batch, strained through a nylon stocking, 
and diluted to the desired concentration with boiled distilled water. The 
total solids contents of the latter were checked by taking small weighed 
samples, adding some isopropanol, and drying them to constant weight in a 
vacuum oven. 

All flow measurements were made at 29.94° + 0.04°C. in the con- 
tinuously variable pressure head viscometer described and calibrated by 
Maron, Krieger, and Sisko (8). 


494 


RHEOLOGY OF SYNTHETIC LATEX. VI 495 


TABLE I 
Rubber Density Calculated by Means of Eq. {1} at 30°C. 
Telit) eGo 9° “Cw erences 
5.04 1.006 4.79 1.257 
11.35 1.018 10.79 1.251 
14.90 1.026 14.16 1.259 
19.93 1.036 18.93 1.254 
24.86 1.046 23.62 1.251 
29.52 1.057 28 .04 1.256 


Avg. 1.255 + 0.0027 
+ 0.22% 


RESULTS AND DISCUSSION 
Determination of Polymer Density and Volume Fraction 


To calculate the volume fraction of rubber in the different latex samples 
the density of the polymer must be known. This density, d,, was obtained 
from the determined densities of the latex solutions, d, by means of the 
equation (4) 


= C, 
~ (100/d) — [(100 — C,)/(do)]’ 


where C, is the dry rubber content of the latex in per cent, and d, is the 
density of water. In Table I are given the densities of the latices at various 
-concentrations and the values of d, calculated from these by means of Eq. 
[1]. It may be seen that up to a total solids of about 30% the values of d, 
are constant and equal to 1.255 + 0.22%. 

With d, known, the volume fraction of contained polymer, », follows as (4) 


1 
~ 1+ (d,/d.){(100/C,) — 1 
Since for the latex under investigation C, = 0.950 (total solids), any total 


solids concentration of latex can be converted into volume fraction by 
means of Kq. [2]. 


d, (1) 


[2] 


v 


Flow Results for the Latex 


Viscosity measurements showed the Neoprene latex to be Newtonian up 
to about 25% total solids. Table II gives the total solids concentrations, 
the volume fractions, and the viscosities relative to water, nr, observed in 
this region of Newtonian behavior. 

Above 25% total solids the latex gave non-Newtonian flow. In all these 
cases the data were processed according to the standardized treatment de- 
scribed by Krieger and Maron (9) in order to obtain the relation between 
shear stress and rate of shear for each concentration investigated. The flow 
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TABLE II 
Relative Viscosity.of Neoprene Type 60 Latex in the Newtonian Range at 29.94°C. 
Total solids Volume fraction , Relative viscosity 
(%) o Or 
0.00 0.0000 1.000 
1.20 0.0091 1.009 
5.13. 0.0391 1.106 
10.00 0.0769 1.283 
14.94 0.1160 1.513 
19.89 . 0.1560 1.775 
24.92 0.1975 2.257 


uw 


G/F, - Poses”! 


nN 


i) 100 200 300 400 500 600 700 800 
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Fre. 1. G/Fm vs. Fn, plot for 54.68% solids Neoprene latex type 60. 


curves were then plotted as G/F» vs. F.», where G is the rate of shear and 
F’, is the shear stress. Figure 1 shows a typical curve obtained in this 
manner. 

The relative viscosity of the latex in the non-Newtonian range may be 
defined by the equation 


Nw Gnw ( B] 


where 7, is the viscosity of water at the temperature of measurement. Values 
of the relative viscosities calculated by Kq. [3] at selected constant shear 
stresses are given in Table III for all the concentrations studied in the non- 
Newtonian range. 

An attempt was made to represent the above results by means of the 
exponential equation (10, 11) 


FM samt anche [4] 


TABLE III 
Relative Viscosities of Neoprene Type 60 Latex in the non-Newtonian Range at 29.94°C. 


Total solids (%) Noume fraction Fy, (dynes/cm.2) G/Fm (cm2/sec. X dynes) Relative viscosity 
Wr 


29.89 0.2393 30 43.39 2.888 
50 44.20 2.834 
100 45.10 2.779 
150 45.42 2.759 
200 45.55 2.751 
300 45.64 2.745 
500 45.67 2.744 
34.87 0.2821 30 31.45 3.984 
50 32.53 : 3.851 
100 33.73 3.715 
150 34.17" 3.667 
200 34.32 3.651 
300 34.48 3.633 
500 34.61 3.621 
39.90 0.3263 30 21.63 5.793 
50 22.62 5.539 
100 23.88 5.247 
150 ’+ 94.38 5.139 
200 24.65 5.083 
300 24.95 5.023 
500 25.31 4.951 
44.92 0.3713 30 12.90 9.712 
50 14.06 8.910 
100 15.49 8.088 
150 16.07 7.799 
200 16.40 7.640 
300 16.80 7.459 
500 17.14 7.311 
49.66 0.4147 30 6.48 19.34 
50 7.33 17.09 
100 8.47 14.80 
150 9.08 13.81 
200 9.43 13.29 
300 9.86 12.72 
500 10.26 12.22 
800 10.57 11.85 
52.69 0.4429 30 3.44 36.47 
50 4.14 30.29 
100 5.29 23.70 
150 5.86 a1. 37 
200 6.23 20.12 
300 6.61 18.97 
500 6.99 17.95 
800 7.34 17.08 
: 0.4617 30 1.41 88.85 
gan 50 1.80 69.61 
100 2.40 52.31 
150 9.73 45.89 
200 2.96 42.40 
300 3722 38.91 
500 3.50 . 35.79 
800 3.70 33.88 
5115 50 0.260 481.8 
ea a? 100 0.450 278.4 
150 0.585 214.1 
200 0.673 186.2 
300 0.802 156.2 
500 0.956 131.0 
800 1.108 113.1 
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which can be written in the form 
log 9, =.(1 — N) log Fm + log m’. [5] 


Here N is an index of non-Newtonian behavior (V = 1 for Newtonian 
liquids), and 7,’ is the relative viscosity at unit shear stress. However, 
plots of log 7, vs. log F,, did not yield straight lines, which signifies that the 
value of N is not a constant for any given concentration. 

Maron and Fok (4) found that for low-temperature GR-S latex the 
Hilers equation (12), modified to the form 


2 
av 
U (et E he [= at [6] 


was capable of representing the flow data satisfactorily. In this equation a 
and 6 are constants for any fixed shear stress. This equation can be rear- 
ranged to the form 


1/2 

a = at Bim,” — 1), [7] 
where by plotting (;'" — 1)/v vs. (1 — 1) the constants a and 8 can be 
obtained from the intercept and slope of the straight line. Such plots were 
made for different values of shear stress and were found to be linear, as may 
be seen from the typical plot shown in Fig. 2. Table IV summarizes the 

values of these constants obtained at the different shear stresses. 
The validity of the constants was tested by using them to calculate the 
volume fraction, v, by means of Eq. [7]. As shown in the fourth column of 


24 


Fm = 300 DYNES / CM* 
TEMPERATURE = 29.94°C 


20 


6 8 10 12 4 
(He =i) 


Fie. 2. Modified Eilers equation for Neoprene latex type 60. 
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TABLE IV 
Values of a and B for Neoprene Type 60 Latex at 29.94°C, 
pantie) a B re %). # 1/p u 
30 1.558 1.981 0.70 0.5048 0.552 
50 1.548 1.914 0.58 0.5224 0.571 
100 1.549 1.856 0.54 0.5387 0.589 
150 1.545 1.842 0.52 0.5430 0.594 
200 1.545 1.833 0.57 0.5456 0.596 
300 1.549 1.820 0.66 0.5494 0.601 
500 1.540 1.808 0.77 0.5532 0.605 
800 1.493 1.800 0.88 0.5555 0.607 
Avg. 
1.541 
+0.016 


Table IV, the difference between the calculated and observed 0’s is less 
than 1%. 

Examination of the second column of Table IV indicates that a is prac- 
tically constant and independent of the shear stress; 6, on the other hand, 
decreases with increase in F,,,. A plot of 1/8 vs. F, showed that the relation 
between these two quantities could be represented by the equation 


1 1 ak, 
_—_ = — ———————_ . 8 
i} Bo ‘i 1 aie oF, | 
Here 1/fo is the value of 1/8 at F, = 9, while a and b are constants. After 
the constants were evaluated, the relationship between 6 and F’,,, was found 


to be given by 


ae 1 + 0.02803F'm _ (9] 
~ 0.4700 + 0.01567F,,. 


On substituting Eq. [9] and the average value of a back into Eq. [6], the 
final relationship 


a i 1.5410 | [10] 
m =11+ 7 Tq 4 0.02803F,,)0]/(0.4700 ++ 0.01567F,,) 


was obtained. This equation represents the flow behavior of the Neoprene 
Type 60 latex at 29.94°C. as a function of F,, and v, and is similar to the 
equation found by Maron and Fok (4) for the flow behavior of GR-S Type 
X-667 latex. 

The validity of Eq. [10] was tested by introducing into it experimental 
values of 7, and F,,, and calculating the volume fraction v. The values of v 
thus calculated were found to agree with the observed v’s within 1.2 % over 
the entire range of shearing stresses investigated in both the Newtonian 
and non-Newtonian concentration regions. 
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Interpretation of Results 

Einstein (13). showed that for very dilute suspensions of spheres in a 
medium (7, — 1)/v = 2.5. For the same condition of essentially infinite 
dilution Eq. [6] predicts that (7, — 1)/v = 2a. From the value of a found 
here 2a = 3.08. However, this experimental result requires correction ow- 
ing to the fact that v is the volume fraction of polymer only, and not of 
polymer plus adsorbed soap, v,. Maron and Fok (4) showed that this cor- 
rection involves division of 2a by the factor v,/v, where this ratio is given 
by (2) a 

Ut 

gee: Ds (11) 
Here A is the thickness of the adsorbed monolayer of soap, and D, is the 
volume-to-surface average diameter. For this latex D, was found to be 
1100 A. Again, if A for N-wood rosin is taken to be the same as for K-wood 
rosin (3), namely, A = 17 A, then Eq. [11] yields v,/v = 1.093. On this 
basis the corrected value of 2a becomes 3.08/1.093 = 2.82. Although this 
quantity is larger than the expected 2.50, it is still sufficiently close to 
indicate that fhe Einstein equation is obeyed fairly well by the Neoprene 
latex. act 

Equation [6] also predicts that 7, will become infinite when v = 1 /B. 
Values of 1/8 are given in the fifth column of Table IV. However, these 
quantities again require correction in line with Eq. [11] in order to obtain 
the volume of polymer plus soap. When this is done we obtain the values of 
v, shown in the last column of Table IV as the volumes at which nr goes to 
infinity. 

These values of v, for Neoprene latex are considerably lower than those 
shown by GR-S latices (2-4). The latter give for v, values ranging from 
0.69 to 0.79, whereas v, here ranges from 0.55 to 0.61. This difference in- 
dicates that the packing of the particles when nr becomes infinite is quite 
different in the two general classes of latices. Whereas the packing is tetrag- 
onal or rhombohedral, with 10 or 12 closest neighbors, in the case of the 
GR-S latices, the results of this work indicate that the packing in Neoprene 
latex is cubic, with each particle having only 6 neighbors (14). It should be 
pointed out, however, that the Neoprene latex studied here was creamed 
with ammonium alginate, whereas all the GR-S latices investigated were 
uncreamed. Until information is available on the flow behavior of uncreamed 
Neoprene latex, it cannot be decided whether the difference in the ob- 
served packing characteristics is due to creaming or whether it represents 
an inherent difference in the packing of the two types of latex particles. 


Deviation of Neoprene Latex from Newtonian Behavior 


If we consider Eq. [5] to be a flow equation with N variable, then dif- 
ferentiation of In nr With respect to In F,, at constant v yields 
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0 ln 7, ut 
The quantity (NV — 1) gives the deviation of a system from Newtonian 
flow. Again, on differentiation of Eq. [10] we obtain 


| 0 Inn, 
a Way dea 
—0.0025F nv" 


~ (0.4700 + 0.01567F,,)211 — Bn)ulll — (B(Fn) — 1.541)0] 


and hence 


<e eu 0025F mv" 


where B(F'») 1s given by Eq. [8]. 

Using this equation values of (V — 1) have been calculated at given 
v’s and F,,’s, and these are shown graphically in Fig. 3 as plots of (V — 1) 
vs. F,, at various constant values of v. From this series of curves it may be 
seen that: (1) For a constant value of F’,,, the deviation from Newtonian 
flow increases with the volume fraction; (2) up to a volume fraction of 
about 0.33, the values of (NV — 1) decrease very slightly and practically 
linearly with increasing F’,,; (3) above a volume fraction of about 0.33, how- 
ever, values of (N — 1) decrease in a nonlinear way with increasing F,,,. 
The extent of this decrease is always higher at the lower F’,,’s, and the effect 
is the more pronounced the higher the volume fraction. In compar ing the 


gee , [14] 


(N-1) 


Fm ~OYNES/CM> 


Fra. 3. Plot of (N — 1) vs. Fn for Neoprene latex type 60 at 29.94°C. 
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curves in Fig. 3 with the corresponding curves of Maron and Fok for GR-S 
latex Type X-667 (4), it is observed that in the latter case the curves for 
the lower values of volume fraction are practically horizontal, whereas in 
the present case, they are not. Furthermore, above a volume fraction of 
about 0.44 the curves for the GR-S latex passed through maxima in the 
lower range of F’,,, whereas here no maxima were observed. It may well be 
that the curves for Neoprene latex would also pass through similar maxima, 
but at shear stresses below the 30 dynes/cm.” attained here. Whether 
such is the case can be decided only by a study of the flow behavior of Neo- 
prene latex at stresses below those possible in the present investigation. 


ACKNOWLEDGMENT 


This work was performed as part of a research project sponsored by the Office of 
Synthetic Rubber, Federal Facilities Corporation, in connection with the govern- 
ment Synthetic Rubber Program. 


SUMMARY 


The flow behavior of Neoprene Type 60 latex was investigated at 29.94°C. 
over a concentration range of 0-0.51 rubber volume fraction, v, and a shear 
stress range of F,, = 30-800 dynes./cm.”. Below v = 0.20 the latex was 
found to be Newtonian, whereas above this concentration it is non-New- 
tonian. The dependence of the relative viscosity, 7,, on v and F’,, could be 
expressed by the modified Eilers equation 


av ; 
n= [147%] 


1 + 0.02803 Fm 
0.4700 + 0.01567 F,,, ° 


This equation was found to hold well in both the Newtonian and non- 
Newtonian concentration ranges investigated. 

The above equation yields for (n, — 1)/v at infinite dilution 2.82 as 
against the theoretical Einstein value of 2.50. Again, extrapolation to 
nr = © shows that the viscosity goes to infinity at values of y = 0.55-0.61. 
These volume fractions are lower than those observed with GR-S latices, 
and indicate cubical rather than tetragonal or rhombohedral close packing. 

The extent of deviation of this latex from Newtonian behavior as a func- 
tion of v and F,,, has also been calculated. The deviations are the more pro- 
nounced the higher is the concentration and the lower the shear stress. 
Futhermore, no maxima have been observed in the curves down to F,, = 30 
dynes/cm.”. This is another respect in which the flow behavior of Neoprene 
latex differs from that of GR-S latex. 


where a = 1.541 and 


a 


CONDO rPAwWNr 
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BOOK REVIEWS 


Physical Chemistry. By Farrineron Daniets and Ropertr A. ALBERTY. John 
Wiley & Sons, New York, 2nd edition, 1955. 671 pp. Price $6.50. 

The new edition of Farrington Daniels’ well-known treatise on Physical Chemistry 
has Robert A. Alberty as a co-author. It contains roughly the same material as the 
previous edition, and the presentation is practically unchanged. 

It is, however, somewhat shorter than the earlier edition (671 pages as compared 
to 712). This is presumably an advantage for a large book that reads so easily as the 
present. Unfortunately, this condensation means that a large part of the appendix 
has been omitted. The rigorous derivations of many useful formulas no longer appear. 

The important question is, for whom is the book written? If it is addressed to 
students who are not specializing in physical chemistry, then it is appropriate to omit 
derivat ions of more sophisticated equations, but then the book still remains too large 
for its p urpose. If, on the other hand, the book is addressed to students majoring in 
physical chemistry, then the book is in general too elementary and one needs the 
appendix. 

The brevity of the subject index is unfortunate for students needing the book for 
reference Purposes. There are only about 1.2 references per page of text, with a re- 
sulting arbitrary selection of subjects cited. For instance, one finds a reference to 
“neutrino,” although it is mentioned only very briefly in the text, whereas there is 
no reference to ‘steady state,’’ which is described more fully but in the awkward 
place of enzyme kinetics. 

The reviewer has found a few mistakes: On page 93 the capacity factor correspond- 
ing to the intensity factor temperature is given as heat capacity. It should, of course, 
be entropy. Also, it is presumably worth while to reconsider the assignment of in- 
tensity and capacity factors for kinetic energy. } 

On page 138 the author apparently hopes that some day it will be possible to prove 
the validity of the third law. This is, of course, impossible. One can check certain 
implications of the axiom we call the third law, but this will never lead to a “eon- 
clusive proof of the validity of the third law.” This may seem to be of minor im- 
portance, but, in the reviewer’s opinion, it is of importance to stress the axiomatic 
nature of the laws of thermodynamics. 

Finally, one minor point: In fig. 13-5, page 348, a point given in Table IV is missing 
from the diagram in the present edition, making it difficult to understand why the 
line is drawn as it is. 


Tuor A. Bax, New York, New York 


The Technology of Solvents and Plasticizers. By Arruur K. Dooutrt.e, John 

Wiley & Sons, Inc., New York and Chapman «& Hall, Ltd., London, 1954. XV + 
1056 pages. Price $18.50. 
, There has been a growing demand among chemists and chemical engineers, working 
in the paint and plastics fields, for fundamental information based upon sound sci- 
entific facts which could be used in determining the correct compositions of resinous 
mixtures for specific purposes. Therefore Doolittle’s new book on “The Technology 
ot Solvents and Plasticizers”’ should find immediate acceptance and be received 
with great enthusiasm by workers in those fast developing fields which utilize svn- 
thetic resins in combinations with solvents and plasticizers, 
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The arrangement of the contents is most unique for a book of this type, for it 
provides specialized as well as general knowledge in both the theoretical and the 
practical or applied areas of the science. A thorough presentation of the underlying 
principles in addition to current practices for various type formulations makes it 
possible for the scientifically trained personnel to extend the technology to lesser 
known problems for future developments. 

This book is designed not only for those working in the field but also for those less 
familiar with practices of the paint and plastics industries. It will not only provide 
much needed information to the scientist seriously interested in the fundamentals of 
this branch of technology but also make it available for ready application in all types 
ot experimental work. Emphasis is on the behavior of the systems over a wide range of 
variables, rather than on any specific formulations. Therefore, those seeking only to 
obtain information for the preparation of selected mixtures will find this book some- 
what of a disappointment for it is neither a formulary nor an encyclopedia, but rather 
a book devoted to developing the technological fundamentals for a better understand- 
ing of correct methods for the employment of solvents and plasticizers in all types 
of mixtures. Instead of providing formulas, the reader is afforded sufficient informa- 
tion from which he can arrive at his own answers for a better solution to a great 
variety of problems in plasticization and solvency. 

The author has amassed a great deal of information of both theory and fact into a 
concise pattern for a clearer understanding of the basic fundamentals of the science. 
The great amount of material included in this large volume is well integrated into a 
logical sequence according to the principal fields in which solvents and plasticizers 
are employed. Included are complete lists of the physical properties ot a large group 
of solvents and plasticizers now commercially available. The applications involve a 
wide range of products from fluid adhesives and lacquers, on the one hand, to thick, 
viscous, plastic molding formulations, on the other. It is a valuable reference volume 
that all commercial laboratories, as well as college and university libraries, should 
have handy on their shelves for assistance in the solution of problems related to the 
production of paints, lacquers, varnishes, adhesives, inks, coating compounds, 
plastic compositions, and synthetic textile fibers. 

JamEs M. Cuurcu, New York, New York 
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ABSTRACT 


A simplified treatment of the effect of charge on the light scattering by colloidal 
solutions is extended to take into account the refractive index contribution of simple 
electrolyte. It is shown that this effect leads to a reduction of optical efficiencies of 
fluctuations and to an apparently smaller molecular weight. In case of association 
colloidal electrolytes the effect of monomeric ions as well as that of added electro- 
lytes is taken into account. The effect of equilibrium between micelles and monomeric 
ions on the concentration of monomer is examined under idealized conditions and 
leads to a minor correction. Literature data on micellar weights are recalculated in 
the light of these ideas. 


INTRODUCTION 


Since its introduction by Debye (1), light scattering has been widely 
-used in the study of association colloidal electrolytes. In the concentration 
range of interest the results may be represented always by 
sla) + Ble —&), [1] 
of =) 
where H is a constant involving geometrical and refractive index factors of 
light scattering, and 7 the turbidity of a solution of concentration c. The 
subscript (9) refers to the solution at the critical micelle concentration, 
emc, an extrapolated value which may be considered as corresponding 
to the infinite dilution of micelles. A and B are constants characteristic 
of the system. 
In general A has been interpreted according to Debye to give a micellar 
weight M’ and degree of association 7’ according to the relations 


1 in 
— = => 2, 
geal e A [2] 


where M, is the molecular weight of the monomer. Hutchinson (2) has 
recently proposed a very different approach. In the present paper I would 
like to bring out some of the difficulties of Debye’s approach and re-exam- 
ine the question of micellar weights. 
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Debye treated micelles as if they were uncharged polymers formed by 
all the solute added above the critical micelle concentration. Hutchinson, 
while recognizing that the micelle is charged in water, believes that it 
becomes uncharged in aqueous salt solutions. For uncharged micelles the 
effect of the monomeric ions may be lumped with that of the solvent and 
neglected in the calculation of micellar weights. The micelle of ionic sur- 
factants is in fact, however, highly charged both in water and in the pres- 
ence of salt as shown by its high electrophoretic mobility (16). This re- 
quires corrections caused by several effects which we shall examine in 
order: From the point of view of the fluctuation theory of light scattering 
(i) the charge tends to reduce the extent of fluctuations, and (ii) the pres- 
ence of the monomeric ions reduces the optical efficiency of the fluctuations. 
In general (iii) the equilibrium between monomeric ions and charged mi- 
celles affects the concentration of monomer beyond the cmc. 

The turbidity causing light scattering may be looked upon as created by 
submicroscopic inhomogeneities in the refractive index of the solution 
which are in turn due to fluctuations in concentration of the solute. The 
extent of these fluctuations is determined by the free energy required to 
produce them which in turn depends on the change d2/dc of osmotic pres- 
sure with concentration. This idea, originating with Einstein (3), is very 
clearly derived, for example, by Hermans (4). For a single solute this 
leads without any assumptions to 


He 1 \ dr 
He ca Ls 3) 
In case of an ideal solution of a nonelectrolyte one can set dr/dc = RT/M 
and the familiar formula 
He 1 
—<=5 [4] 
is obtained. 

When several solutes are present simultaneously, the situation is more 
complicated. Zernike (5) gave a basic statistical mechanical treatment 
which has been confirmed and extended (6) since. In particular Prins and 
Hermans (7) showed how it can be readily applied to mixtures of ideal elec- 
trolytes. An alternate way, which is less general and rigorous but has the 
advantage of easier visualization, is based on the detailed consideration of 
what occurs during a fluctuation in the complex system. I have discussed 
from the latter point of view the case of a colloidal electrolyte (8) with 
neglect of the refractive index contribution of the small ions and applied 
it with Dr. Phillips (9) to association colloids. Prins and Hermans (7) 
confirmed the results obtained while pointing out correctly the advantages 
of the more rigorous treatment. 
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I. Tor Extent or Fiucruations 


When the colloid is considered as the only light-scattering species, the 
effect of charge is solely to reduce the extent of fluctuations (8). This is 
due to the requirement of electroneutrality that gegenions accompany 
the colloid during each fluctuation, leading to a Donnan equilibrium be- 
tween the fluctuating volume and the bulk solution. The osmotic work of 
changing the concentration of monomeric ions must therefore be added 
to the osmotic work required by the colloid. If the charge of the colloid is p, 
this reduces the turbidity (p + 1) times in a pure colloidal electrolyte but 
leaves it unchanged in the presence of swamping electrolytes. Hence the 
molecular weight computed by simple formula [4] is (p + 1) times too 
small in the absence of salt but correct in its swamping excess. 

At the cmc, micelles are colloidal ions at infinite dilution while the 
monomeric ions are a swamping salt. Hence fluctuations of micelles are 
unimpeded by their charge at the cme. As the concentration of micelles 
increases, the fluctuations become impeded, Hc/7 increases linearly ac- 
cording to [1] and from the slope B of this line the charge p’ may be cal- 
culated (8) by 

p! = aaa [5| 


where x is the concentration of monomeric electrolyte at the cme. 


Ul. Tur Optical ErricreNncy or FLUCTUATIONS 


We shall now include the refractive index contribution of the small ion 
which introduces a significant correction into the calculated molecular 
weight of the colloid and a smaller one into the calculated charge. We 
shall give the detail of the simplified treatment and introduce only the 
results of applying the statistical treatment. 

Normally one assumes in calculating turbidities that as the concentra- 
tion of colloid fluctuates, the refractive index fluctuates proportionately, 
the proportionality factor being dv/dc, the refractive mcrement of the 
solution. This leads to the above result that 1/MZ = A. The presence of 
charge and of small ions invalidates this assumption because as the colloid 
enters the fluctuating volume, some of the simple electrolyte leaves it to 
maintain Donnan equilibrium and the optical efficiency of a fluctuation is 
reduced. This may be visualized as follows: When a colloidal cation with 
its p anions enters, the escaping tendency of the anions is increased, but 
to leave they must be accompanied by small cations in order to maintain 
electroneutrality. When the colloidal electrolyte is pure and there are no 
small cations, no small anions can leave, and optical efficiency is unim- 
paired. Under swamping electrolyte conditions, on the other hand, the 
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concentration of small anions is equal to that of small cations and they 
leave in pairs. This tends to restore the original escaping tendency of the 
anions but reduces that of the cations below the original. Equilibrium is 
reached when the two deviations from the original are equal, i.e., when 
p/2 of each have left the volume.! 

Thus at infinite dilution of colloidal ions (at co) the optical effectiveness 
of each mole of colloid is reduced by the effect of p/2 moles of simple elec- 
trolyte. 


A. Absence of Salt 


If we consider first the case of a pure association colloid, each mole of 
micelles is equivalent optically to n (the degree of association) moles of 
monomer. Hence the optical effectiveness of fluctuations of micelles is 
reduced from n to (n — p/2), i.e., by a factor of (1 — p/2n). Turbidity is 
affected by the square of dv/dc (because it involves intensities and not 
amplitudes of vibrations); hence the turbidity is reduced by (1 — p/2n)? 
and the micellar weight calculated by the Debye method is smaller than 
the real value by this last factor. Thus we obtain for the corrected micellar 
weight M 


gee 1 Sey eee [6 
M nM, 2n 
or in terms of the previously obtained n’ 
2 
—, a ba 
n=n (1 .) [7] 


When it comes to the slope and its interpretation in terms of charge in 
analogy to Eq. [5], we may note that the optical efficiency of fluctuations 
remains substantially constant in the neighborhood of co. Therefore all 
turbidities in this region are affected by it to the same extent by the factor 
(1 — p/2n)*. In other words, both the intercept A and the slope B of the 
H(c — ¢o)/(r — To) line are increased by this factor. The charge p’ cal- 
culated by applying Eq. [5] to the data is proportional to ~/ B/A and is 


‘More rigorously, if we call 6 the fluctuation in m and —e the corresponding 
change in x, the Donnan equilibrium condition is 


a(x + pm) = ( — e)[x —e + p(m+ 8)] 


which gives 


_ op _ emp , & — ep 
22 22x 2a; 
The last term is always negligible and the penultimate becomes negligible as swamp- 


ing electrolyte conditions are approached (m/z > 0); hence, only the first right-hand 
term remains, confirming the previous conclusion. 
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therefore increased proportionately to 1/(1 — p/2n). Hence the real 
charge p:p is given by 


a Dp’ - \/ 2Bx 
1— p/2n AQ — p/2n)° 
The approach of statistical mechanics gives, following the procedure of 


Prins and Hermans (7) for the turbidity due to the solute, 
t _ « + am(p + p+ 2n’ — 2np) + m'n'p 


H 22 + mp(p + 1) 


p [8] 


[9] 


From this one can obtain exact equations analogous to the ones just de- 


rived 
r-4[(i-2) +3): [10] 
M 2n 4n? |’ 


u /2Bx 
P* Aft — p/2n + 1/2n]' 


The difference of the two treatments gives in each case the last fraction 
within the bracket and amounts to less than 1% for the encountered range 
of constants. 

Thus consideration of charge effects on pure colloidal electrolytes re- 
quires that the directly calculated molecular weights be increased, the 
increase being of the order of 10-20% as shown in the Table. 


(11) 


B. The Presence of Salt 


In the presence of salt the micelle at the cme is surrounded by a mixture 
of small ions: monomeric micelle-forming ions and those of the added 
salt. From an electrical point of view these are strictly equivalent (assum- 
ing that all are monovalent) so that the expulsion of small ions, which we 
have seen is required by the Donnan equilibrium, will affect them simply 
in proportion to their concentration. From an optical point of view the 
small ions are not equivalent and the reduction in optical efficiency of the 
fluctuation will depend on their average molar refractive increment. 

Quantitatively, if 21 and x2 are the molar concentrations of the monomer 
and the salt, and the molar refractive index increment dv/ da of the latter 
is S times larger than 07/02, the effective refractive increment of the mix- 
ture is E times larger than that of the monomer where 


= ts + Sx2 (1 2] 
ti oe 

The optical efficiency of a fluctuation will therefore be reduced by a factor 

of (1 — Ep/2n) and the turbidity by the square of this factor. Hence the 
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TABLE I 


Degrees of Aggregation n and Effective Charges p from 
Light-Scattering Measurements 


ae Co xX ‘ o y ’ ¥ 
sa. 2 n E@ Ya 
System x, Jor ie [2] (5) [16] {17] Fig. 5 
Sodium Cy, sulfate] O {0.812} 80 /|14.5 1 95.3 16.1 92.5 
and NaCl (9) .2 10.391] 94 |12.8 0.431] 99.6 132 
.3 10.313/100 12.8 0.374/104.9 lpia 
10 =|0.147)11225}13.4 + 1/0.333)117 + .3 {13.7 
20 =|0.092/118 17 + 2/0.327)123.5 + .717.54 2 
40 |0.058/126 |17 + 10/0.324/131.5 + 3.5]17.4 + 11 
Cie amine hydro-| 0 /1.31 | 56 | 7.0 1 63.5 7.6 61 
chloride and) 15711045) 92) 9) 729 0.56 | 96.5 8.1 
NaCl (1) 2.37|0.925|101 | 8.1 - 10.48 |105 Sac 
4.6 |0.722)142 {10.9 0.37 |146 ition 
CioTMABr? and} 0 /7.0 | 36.5! 8.9 1 46 10.3 46 
KBr 13. 16.72) 388) Ont 0.89 | 47.5 10.5 
CyTMABr> and} 0 {1.52 | 50.5]10.5 1 61.5 11.9 61 
KBr Ue) lass |} eis)» 0.61 | 62.5 10.8 
3.4 |0.848) 65.5/10.5 0.44 | 70 10.9 
CuTMABr® and) 0 [0.341] 82 |11.2 1 93.5 a2 90.5 
Br 1.3 |0.176| 95.5/12.0 0.46 |101 WAG 
CysTMABr® and} 1.3 1707 WL. 7% 0.26 |174 15.9 
KBr 


“Computed using 5y/éc values of 0.11 for NaCi2SOx (9), 0.166 for CyzNH3Cl (15), 0.153 for alkyl TMABr 
(15). 
> Normal alkyl trimethylammonium bromide. 


real micellar weight is given by 


i Ep\ 
w= 4( 4) [13] 
and 
; Ep\ 


With respect to the charge p the same reasoning again applies and the 
real charge p is given by 


Pe V2B2/A 
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The statistical mechanics treatment shows also that replacement of 
n 2 n/E, which occurs in Eqs. [13]-[15], fully accounts for the effects of 
salt. 

The difference between n’ and n introduced by the present considera- 
tions is usually less in the presence of salt than in pure water because, 
whereas the refractive increment per gram is larger for the salt than the 
colloid, the molecular weight of the monomer is generally sufficiently larger 
to more than compensate for this and to make H less than unity. It should 
be noted also that in the presence of higher salt concentrations the slope 
B becomes small and hard to determine from the experimental data whereas 
p remains approximately constant. Hence the precision in the determina- 
tion of p and of the correction to n decreases rapidly under these conditions. 


C. General EKquations 


The relations presented above for obtaining and p must be solved si- 
multaneously to obtain the desired quantities. Fortunately the explicit 
expressions are reasonably simple and are as follows for the most general 
case of exact treatment in the presence of salt: 


Ep’ E’ p'(p’ + 1) 
7) ee 16 
OSES) Ll On es 
—n ‘4+ 0.5H +] 
Pp = 2(n — n’) a ue = i (tte 0.5 a = ) [17] 
ip n' —05E 2n’-—E 


where underlining indicates the correction introduced by the exact treat- 
ment. In the absence of salt E becomes unity. The definition of n’ and p’ 
by Eqs. [1] and [5] is directly in terms of experimental quantities. 

An approximation sufficient for many purposes is 


n=n t+ Ep’; [18] 
oe pr [19] 
= 7’ = i 
Pp p on!” 


III. Tue Errect or CoNCENTRATION OF MONOMERIC Ions 


In all previous arguments there is an implied assumption that the con- 
centration x of the simple electrolyte remains constant above the cmc so 
that the concentration of micellized colloid m increases linearly with the 
total concentration c. This assumption is quite correct when the concen- 
tration of added salt is large compared to the cme, but must in general be 
erroneous in the absence of salt because of the equilibrium between micelles 
and monomeric ions. 

It does not seem possible to evaluate the correction for this effect in 
general terms. We shall therefore attack the problem by calculating as 
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rigorously as possible and without making this assumption the turbidity 
of solutions having specific values of ng and pu, then treating these calcu- 
lated values as if they were experimental ones, i.e. interpret them accord- 
ing to Debye, apply the corrections developed above, and finally com- 
paring the resulting, calculated n and p with the original m, and pa. The 
difference gives us an estimate of the error introduced by the assumption. 
Incidental to this process we shall obtain some new results about the mean- 
ing of the eme. 

Since all of the previous discussion is in terms of ideal electrolytes we 
can conduct the present discussion in the same terms. Not only does this 
seem the only feasible approach, but it does not introduce any funda- 
mental error because the charge p which we use is already not the real 
charge @ at the shear plane of the micelle but its effective charge, taking 
into account all deviations from ideality as far as light scattering is con- 
cerned. Whereas there is no reason to assume that the charge effective in 
equilibrium considerations is exactly the same as p, their difference should 
not be sufficient to invalidate the semiquantitative results which we shall 
develop. 

Total concentration ¢ (moles of monomer/liter) is related to the molar 
concentrations « of monomer and m of micelles having a degree of asso- 
ciation n and a charge p, by 


c=a+nm. [20] 


We shall also use explicitly the assumption that there is only one kind 
of micelle. The equilibrium constant for micellization is then 
m 


— P(e clon) RRs a 


As has been pointed out by Murray (10) the concentration x of the small 
associating ion changes as shown in Fig. 1 and generally passes through a 
maximum. This maximum may be defined completely as follows. From 
[20] and [21] the slope of x is given by 

dx ale + mp(p + 1 — n)| 


de x + am(p + p? — 2np + 2n2) + m? pn?" 


The condition dx/de = 0 combined with [20] gives for the maximum 


[22] 


Umax = ems pa ae P = 1) 
(n — p)(p + 1) 


[23] 
and 


Cmax 


(n—p—I(p+1)’ 


Mmax = 
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introducing these two expressions into [21] gives explicitly 


[(m + 1) log (n — p) + (2n — p — 1) log (p + 1) 
= log K — (2n — p) log » — nlog(n — » — 1)]_ [25] 


lo Cmax >= 
; Qn —p —1) 
When 1 is negligible compared with both n and n — p, this simplifies to 
Pp 1/p—2n 
Cmax = ——]k 26 
st ) bd 


and only when p is also large that the first factor can be omitted. Figure 1 
shows the locus of the maximum in a particular case. In general this locus 
moves rapidly to infinity as the micelle becomes neutral or highly charged 
l.e., as p approaches either 0 or n — 1. For fully charged micelles, i.e., 
within unity of n the maximum disappears, x increasing indefinitely. 

Calculation of x is facilitated by using as independent variable Y = 
x + pm. Equations [20] and [21] then give directly 


n log x = log (Y — x) — (n — p) log Y — log pK (27 | 


which can be readily solved for x by successive approximations. 
It is also permissible to choose K = 1 without any loss of generality 


since values corresponding to any other value K are obtained by changing 
—2n—p) 


linearly all concentrations by K’ 


LS t 
micelles (2M) 
0) 
| 100 
90 
A 
20 
50 
0.5 
monomer (x) 
| 
| : | J? SARS ees) 


| 2 TOTALCONC.(c) 3 4 2 


Fia. 1. Calculated concentrations of monomer and micelles for a degree of as- 
sociation nz = 100. Numbers indicate the charge pa. Dotted line indicates locus of 
maximum with open circles corresponding to multiples of 10. 
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0. 


H(C-Co) 
T 


0.05 


10 15 CONC. (c) 20 25 


Fie. 2. Calculated Debye plots of light scattering for n, = 100 and indicated values 
OLUDae 


In this way values of x and m were obtained for n = 100 and p = 0 
10, 15, 20, 30, 50, and 100, as well as for n = 50 and p = 7.5, and for a 
large number of ¢ values. A few of the curves obtained for n = 100 are 
shown in Fig. 1. These were used to compute turbidities according to 
liq. [9], which follows from Prins and Hermans’ treatment, assuming H = 1 
and M, = 12 

The turbidities thus obtained were then treated according to Debye to 
give straight plots of c — co/r — ro. The ro was taken as the turbidity at 
co extrapolated from lower concentrations, i.e., ro = ¢o/2 according to [9]. 
This treatment involved, as it does always, a certain amount of judgment 
and presented particularities which I have not noted in treating real 
experimental data. When co is chosen too high, the curve falls off rapidly 
at low ¢ values. As co is lowered, a point is reached where an upward bulge 


? Tabulated values of x, m, t, and c — ¢o/t — 7 are available in the Eighth Tech- 
nical Report, ONR Project NR356-254, and from the author. 
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and then a maximum appears in the curve; at still lower values the curve 
increases after a minimum. In the treatment of real data the experimental 
error would probably overshadow the bulge and maximum. For the sake 
of consistency co was taken as the highest value which did not give a bulge. 
At low p values the linear portion extended to several times co but short- 
ened as p increased until for p = 100 it extended only between 1.04 and 
1.12 co. The resulting lines are shown in Fig. 2. 

We can now consider the meaning of the data thus calculated with 
respect to the cmc, p, and n. 


The Value of the cmc 


The critical micelle concentration is generally determined by the point 
of intersection of lines extrapolating some property of the system from 
below and from above the region of greatest change. All properties which 
depend linearly on the concentration of monomeric and micellized solute 
must in principle give the same result. Since light scattering is a very 


MAXIMUM 


ie oi pean 4 


D 
pee. LIGHT SCATTERING 
a) 
CURVATURE | 
Oo 


60 
CHARGE (8) 


AS/Z 


90 


(0) 20 


Fic. 3. Calculated critical micelle concentrations for mq = 100 as a function of 
Pa. Top curve shows position of maximum monomer concentration. 
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complex function of these two concentrations, it need not give the same 
results as other properties. Furthermore the nonlinearity of the variation 
of x and m with c introduces an uncertainty into straight-line extrapola- 
tions. 

We have seen above how cy was obtained from the turbidity and the re- 
sults are plotted in Fig. 3. To obtain the more conventional value I ex- 
trapolated the simplest property related linearly to the concentrations, 
namely, the concentration x itself. Since x does not vary linearly with c, 
as Fig. 1 shows clearly, there is again some uncertainty in the extrapolation 
of this portion. I used a linear extrapolation on a large-scale graph covering 
the range of c up to 3 and tried to use the most linear part of the plot. This 
is the type of result expected from conductivity or dye solubilization ex- 
periments. ‘The results obtained are also shown in Fig. 3 and indicate close 
agreement with the turbidity results at low charges (p) but large discrep- 
ancies as p increases beyond the range encountered in practice. 

Phillips (11) has proposed recently another definition of the eme which 
is useful in calculations, namely, the point of maximum curvature of any 
linear property. Values calculated according to his Eq. [8c] are also shown 
in Fig. 3 and appear to be slightly but significantly lower than the other 
two in the practical range. At higher charges they are closer to the tur- 
bidity values. 


2.0 


0 p/n 05 10 


Fie. 4. Effect of assuming constant monomer concentration above the cme upon 


the Beanisk charge. Deviations from unity indicate error. Circles Na = 100, squares 
Na = 50. 
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Concentrations at which the maximum of x occurs are also indicated in 
Fig. 3 to show their lack of simple relation to the cme. 

Thus these calculations confirm the experimentally found agreement 
(12) between cmc’s determined by light scattering, conductivity, and dye 
solubilization and shows that these values can be used in Phillips’ equa- 
tions in all calculations of reasonable precision. However, if some much 
more highly charged association colloids are discovered, one may expect 
significant discrepancies. 


The Charge p 


From the c — ¢o/r — 7» lines shown in Fig. 2 the charges p’ and p have 
been calculated using Eqs. [5] and [17]. The results are plotted in Fig. 4. 
It is readily apparent that within the practical range of p values the ex- 
trapolation to the cmc introduces no significant error but that at higher 
charges the results become rapidly meaningless. 


The Degree of Aggregation n 


From the lines of Fig. 2 the degrees of association n’ and n were calcu- 
lated; n’ according to Debye’s Eq. [2] and according to Eq. [16], which 
takes fully into account the effect of the small ions. Both results are plotted 


O 
L0C—@_» @ —® 


Fic. 5. Effect of assuming constant monomer concentration above the eme upon 
the calculated degree of association. Deviations from unity indicate error. Circles 
Ma = 100, squares Na = 50. 
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in Fig. 5. It may be seen that the ratio of the true, assumed value 7 to 
the ei Aiea one increases rapidly for n’ but stays gloss to unity for n at 
practical values of p before increasing also. This last curve gives the cor- 
rection required by the assumption of constant x above the cmc. In the 
practical range this correction amounts to 4% or less and is not very de- 
pendent on na, as shown by results calculated for nz = 50 and p./n, = 0.15 
which are also indicated in the figure. This correction has been accordingly 
applied to the recalculated literature data to give the corrected values n, 
shown in the last column of the Table. Since this correction is small in the 
absence of salt, it must be negligible in the presence of salt, where x can 
vary but little above the cmc. Accordingly, we accept the results of Eq. [16] 
and the values n of the preceding column remain without change for solu- 
tions containing added salt. 


CONCLUSION 


The effect of these corrections on the calculated degrees of aggregation 
and charges is shown in the Table for the data of Debye’s and our labora- 
tories. Figure 6 shows in detail the results for sodium laury] sulfate in the 
presence of NaCl. It may be seen that whereas the plot of the micellar 
weight against the total gegenion concentration at the cmc on a log log 
scale was curved (9) before corrections, it is linear within the experimental 


120 


M/L O.l 


TOTAL Nat CONC., 


Iria. 6. The degree of association of sodium lauryl sulfate micelles at the eme. 
Squares na; circles n; triangles n’; diamonds self diffusion, open unhydrated, filled 
with 1.5 A. of hydration 
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error once the present corrections are taken into account. This straight 
line is given by 


log n = 2.152 + 0.091 log (C + eo) 


where cy and the concentration of added salt C are both expressed in moles/ 
liter. As has been indicated previously (9) the other compounds suggest a 
similar linear relationship with similar slopes for the salts of strong bases 
and acids and a much higher slope for the hydrochloride of the weak base 
dodecyl amine. These qualitative conclusions remain unchanged. 

Figure 6 shows also the published (13) results of self diffusion measure- 
ment interpreted in terms of a spherical micelle having a 1.5 A. hydration 
layer. This corresponds to an average of half a molecule of water (and not 
one molecule, as stated by mistake previously). The agreement is much 
better than would be expected from the experimental error and the un- 
certainty of any assumption about hydration. 

It may be noted that light scattering, being proportional to the molec- 
ular weight, gives the second moment or weight average of the distribution 
while self-diffusion being inversely proportional to the cube root gives the 
2/3 moment,’ which is lower than the number average. The agreement 
of the two sets of data shows therefore that micelles are not highly poly- 
dispersed. However, the precision of the self-diffusion data and the accu- 
racy! of the light-scattering data do not seem yet to warrant any quantita- 
tive conclusions about monodispersity. The fact that the micellar weight 
increases upon addition of salt is certainly more easily visualized as the 
gradual shift of distribution of a slightly polydispersed system than as 
sudden appearance and disappearance of species in a strictly monodis- 
persed system. 


3 It is very likely that all species of micelles are tagged uniformly on a dye/weight 
basis because the solubilizing power of micelles is substantially independent of the 
presence of salt, as shown by the slopes of solubilization (12). Because of the rapid 
equilibrium between micelles the gradient of concentration of any tagged species 
de;/dx = (c:/c)(de/dx). The total permeation per unit time 7 is the sum of the m;. 


Hence according to Fick’s law 


Ddc sf ale Ci D; de 
ed ee a my = Z ees 


so that D = X(c;/c)D;. Since D is inversely proportional to the cube root of M, 
this gives cM—3 = 2c,M;"’, or in terms of number of particles, nM?3 = EnM i”. 
4It has been recently suggested (15) that the turbidity standards used in our 
laboratory in measurements on sodium lauryl sulfate and in Debye’s laboratory 
for the other systems here reported, may have been low by some 25%. If this should 
be true, all the values for the micellar weight would be increased in almost the same 


proportion and the charges by some 12%. 
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INTRODUCTION 


Most of the studies made to date on the flow behavior of synthetic 
rubber latices (1-5) have been made in instruments and under conditions 
where the lowest shear stress measured was about 20-30 dynes/cm.?. 
Under such conditions it was found that the latex systems are Newtonian 
at concentrations below about 0.25 volume fraction of rubber, and non- 
Newtonian at higher rubber contents. In only one instance (6) were 
measurements made on a single concentrated latex sample at very low 
shear stresses. These showed the latex to be Newtonian at 0-0.14 dyne/cm.?, 
even though the same type and concentration of latex was found to be 
non-Newtonian at higher shear stresses (1). These observations indicate a 
need for the clarification of the flow behavior of latices at low shear stresses, 
and for the definition of the manner in which the flow curve of a non- 
Newtonian fluid approaches zero shear stress. The present. investigation 
was undertaken, therefore, to obtain data on the basis of which conclusions 
could be drawn with respect to the behavior of latex systems in the shear 
stress region between zero and 20 dynes/cm.?. 

There are four possible ways in which a non-Newtonian fluid of the 
pseudoplastic type may approach zero shear stress, and these are indicated 
in Fig. 1. In plot 1a the fluidity G/F,,, where G is the rate of shear and F,, 
the shear stress, goes to zero as F,, — 0. In plot 6 of Fig. 1 G/Fm > 0 at 
Fm = 0, and the fluid is non-Newtonian over the entire range of shear 
stresses. In plot c the curve intersects the F’, axis at some value other than 
zero. This situation corresponds to the existence of a yield point, and here 
G/F, = 0 until a shear stress greater than Fy is applied. Finally, case d 
indicates that at some definite low shear stress G/F, becomes constant, 
and hence that the flow becomes Newtonian. The latter possibility was 
predicted by Ostwald and Auerbach (7). They also predicted that the com- 
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Fia. 1. Possible flow behavior of non-Newtonian fluids. 


plete flow curve of a non-Newtonian fluid would show not only a Newtonian 
limit at low shear stresses but also one in the high shear stress region. A 
complete flow curve of the type predicted by Ostwald and Auerbach for 
laminar flow is shown in Fig. le. 

In view of these possibilities, the problem reduces itself in essence to the 
determination of which of the four cases outlined above corresponds to 
the actual behavior of the system under investigation. 


EXPERIMENTAL 


The synthetic rubber latex used throughout this investigation was a 
low-temperature GR-S X-667 product obtained from the Copolymer 
Corporation of Baton Rouge, Louisiana. This latex contained an 84:16 
butadiene-styrene copolymer, and was emulsified with potassium oleate. 
The starting concentration was 58.75% solids and 54.59% rubber by 
weight. By conductometric titration (8, 9) the latex was found to have 
0.1487 meq. of soap per gram of latex, and a volume to surface average 
particle diameter D, = 1216 A. 


Lower concentrations of this latex were prepared by the addition of 
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CO:>-free distilled water. The total solids at each concentration was obtained 
by drying in a vacuum oven to constant weight. 

All flow measurements were made at 30.00° + 0.01°C. in the low shear 
capillary viscometer with continuously varying pressure head described 
by Maron and Belner (10). The 8-method described by these authors 
was used throughout to obtain the rate of shear-shear stress relation in the 
non-Newtonian flow regions. 

Special handling was found necessary to keep the latex from skinning in 
the top bulbs of the capillary manometer units. Since skinning was due to 
surface evaporation, preventive techniques required the raising of the 
humidity above the latex surface. This was accomplished by suspending a 
small wad of moistened absorbent cotton in both upper bulbs of the 
instrument. By this simple means all difficulty due to skinning was re- 
moved. 


RESULTS 
Volume Fraction of Contained Polymer 


For handling the data it, is necessary to know the density of the latex, 
d, and the volume fraction of the contained polymer, v. Maron and Fok 
(4) have shown that the density of the contained polymer, d,, is given by 


C; 
ee a SS eee 1 
a. 100/d — (100 — C,)/d,,’ Ny] 
where C, is the dry rubber content in per cent, and d,, is the density of 
water. They also found that for X-667 latex d, = 0.925 g./cc. at 30.0°C. 
Since for the latex studied here C’, = 0.9292 (total solids) = 0.9292 (T:S.), 
the latex density follows as 


92.5 [2] 


d= 90 + 0.0659(TS.) ° 


Further, the rubber volume fraction is given by 


V. _ C,/dr i 


”= 7, = 10/4? 


where V, is the volume of rubber and JV, is the volume of latex. On sub- 
stitution of the values of C, and d,, and of Eq. [2] for d, the expression for 
the volume fraction in terms of total solids for this latex becomes 


1 99.91 
aD 


Equation [2] gives thus the density of the latex at any given total solids, 
while Eq. [4] allows conversion of total solids to volume fraction. 


+ 0.0716. [4] 
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TABLE I 


Relative Viscosity of X-667 Latex at 30.0°C. in the Completely Newtonian 
Concentration Range 


Total solids, % Volume fraction nr 
5.049 0.0504 1.161 
9.854 0.0979 1.357 

15.02 0.149 1.626 
20.07 0.198 1.998 
25.03 0.246 2.488 


Flow Behavior of the Latex 


The flow properties of the GR-S X-667 latex have been studied at 
13 concentrations, in approximately 5% increments, from 5% to 59 % 
solids at 30.00°C. Below 25 % solids this latex was found to be completely 
Newtonian over the entire shear stress range of the instrument. The 
results of the flow measurements are shown in Table I as relative viscosity, 
ny = 7/Nw, at the various volume fractions; 7 is the viscosity of the latex, 
while 7 is the viscosity of water at 30.0°C. 

For concentrations above 25% solids the latex was found to be non- 
Newtonian in the upper shear stress range of the instrument, and New- 
tonian in the low shear stress region. A typical plot of this behavior is 
shown in Fig. 2. It was also found that the value of F,,, at which the latex 
shows a transition from Newtonian to non-Newtonian flow is a function 
of the concentration (Fig. 3). From this figure it may be seen that the 
shear stress /’) up to which the latex is Newtonian, obtained from very 
sensitive large-scale 5 plots as described in reference (10), decreases as the 
concentration goes up, and that the relation between Fy and v is linear 
above a v of 0.32. Further, this plot predicts that above a volume fraction | 
of 0.544 the latex should be non-Newtonian over the entire shear stress 
range. This was actually found to be the case for v = 0.546 and v = 0.564. 
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Fie. 2. Plot of G/Fm vs. Fm for 29.93% solids X-667 latex. 
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Fig. 3. Dependence of Newtonian shear stress region on volume fraction. 
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Fic. 4. Rate of shear-shear stress plot for 29.93% solids X-667 latex. 
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TABLE II 
Relative Viscosities of X-667 Latex at 30°C. and Volume Fractions above 0.25 
Volume 0.293 0.341 0.387 0.430 0.468 0.511 0.546 0.564 
fraction “ 
Shear Relative viscosity 


stress 


0.08 3.268 4.520 = — — — — ae 


0.25 3.268 4.520 6.945 10.73 We ko) 39.48 101.4 202.7 
0.50 3.268 4.520 6.945 10.73 17.16 39.48 96.67 186.2 
0.75 3.268 4.520 6.945 10.73 17.16 38.55 93.42 174.5 
1.00 3.268 4.520 6.945 10.73 17.16 SCeeAl! 91.11 167.9 
2.00 3.268 4.520 6.945 10.68 16.41 35.64 83.24 14959 
3.00 3.268 4.518 6.721 10.40 15.96 34.16 77.10 137.1 
4.00 3.267 4,489 6.587 10.17 15.62 32.86 72.08 127.2 
6.00 3.234 4.379 6.425 9.826 15.03 30.75 64.65 112.6 
8.00 3.179 4,267 6.324 9.585 14.53 29.05 59.37 102.1 
10.00 3.120 4.161 6.248 9.384 14.12 27.53 55.41 93.92 
15.00 = = 6.120 8.930 13.31 25.00 49.58 80.31 
20.00 = = 6.026 8.904 12.83 24.10 45.72 72.00 


Below v = 0.32 Fo rises sharply with decrease in v. This behavior may 
be anticipated, since at approximately v = 0.25 the latex is completely 
Newtonian, and hence Fy should go theoretically to infinity. 

The importance of plotting G/F, rather than G vs. shear stress can be 
seen by comparing Fig. 2 with Fig. 4, which is the G vs. F', plot for the 
same data as shown in Fig. 2. 

The results obtained with latex concentrations above v = 0.25, where 
non-Newtonian behavior is observed, are summarized in Table II. These 
are given in terms of relative viscosity, defined as 

ULE (Fn/G) [5] 
Nw 
corresponding to the various shear stresses and volume fractions of con- 
tained polymer. 

An attempt was made to apply to these data the exponential flow equa- 

tion (11, 12) 


Fr = 1G, [6] 
which can be written as 
log n» = (1 — N) log Fn + log 1,’ [7] 


where N and 7 are constants, and 7,’ = n'/nw. On plotting log n, vs. log 
F,,, curves rather than straight lines were obtained, indicating that N is 
not a constant, and that, therefore, Eq. [7] is inapplicable with constant N. 

A fit of the data was then attempted using 7, as a function of the volume 
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fraction, v. Maron, Madow, and Krieger (2) had previously used the equa- 
tion 


aby 
1 — av 


log tr = [8] 
where a and b are constants. This equation also proved inapplicable. Conse- 


quently the Eilers (13) equation was tried. The original Eilers equation 
for suspensions of spheres is 


2.5v 5 
base E nan ao 9) 


where b is a constant whose value is a function of the packing of spheres, 
and the 2.5 is the Einstein (14) factor. A more general form of the Eilers 
equation would read 


2 
av 
fr = E + | ? [10] 
where a and @ are constants. On rearranging 
ny” =a 1/2 
—— =a+ Bin, — 1), (11) 
and hence a plot of (; — 1)/v vs. (m1 — 1) at any given value of Fyn 


should yield a straight line of slope 8 and intercept a. This equation was 
found to hold at all concentrations, including those in the Newtonian 
range, and at all shear stresses, as may be seen from the typical plot shown 
in Fig. 5. The values of a and 6 evaluated from the data by least squares 
are given in Table ITI. 

Once values of a and 6 were available, a volume fraction could be calcu- 
lated for every 7,. These calculated v’s could then be compared with the 
observed ones as a check on the fit of Eq. [11]. The fourth column in 
Table IH indicates that the agreement between the calculated and ob- 
served v’s ranged from 0.44% to 1.20%, averaging +0.88 %. 

It can be seen from Table III that a is essentially constant, with the 
average being a = 1.430 + 0.006. On the other hand, 6 varies with 
shear stress. This was also found to be the case by Maron and Fok (4). 
The variation of @ with F,, could be represented by the equation 


A secs [12] 
B 

where a and ¢ are constants. The least squares evaluation of the constants 
gave a = 0.008526 and c = 0.5935. This equation yields 8 values which 
agree excellently with the observed ones. Finally, if Eq. [12] is substituted 
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TEMPERATURE *30.0°C 
F,* 6.00 DYNES /CM2 


(70-1) 
Fig. 5. Modified Eilers equation plot for X-667 latex. 


TABLE III 
aand B Values Calculated from the Modified Eilers Equation 
Shear stress Fy, a B Avg. % deviation in v 

0.08 1.409 1.683 +0.59 
0225 1.424 1.671 +0.97 
0.50 1.429 1.666 +1.06 
0.75 1.432 1.663 +1.17 
1.00 1.434 1.660 +1.19 
2.00 1.437 1.652 +1.20 
3.00 1.442 1.644 +1.17 
4.00 1.440 1.638 +1.02 
6.00 1.434 1.628 +0.81 
8.00 1.428 1.620 +0.71 
10.00 1.422 1.612 +0.64 
15.00 1.432 1.595 0.45 
20.00 1.425 1.584 +0.44 
1.430 + 0.006 : +0.88 
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into Eq. [10] along with the value of a, we get 


2 
eee ee 13] 


i 0.008526F 1/2 + 0.5935 


Equation [13] represents the flow behavior of this latex as a function of 
volume fraction and shearing stress at 30.0°C. in the region of 0.08 to 20 
dynes/cm.?. 


Discussion or RESULTS 
Latex Behavior at Infinite Dilution 


Einstein’s (14) equation for the viscosity of very dilute suspensions 
of spherical particles in a medium states that (y, — 1)/v = 2.50. The modi- 
fied Eilers equation predicts in turn for infinite dilution (7, — 1)/v = 
2a = 2.86, which is higher than the Einstein value of 2.50. However, the 
a values in the modified Eilers equation are based on the volume fraction 
of the rubber particles only. Actually, the latex particles consist not only 
of rubber but also of an adsorbed monolayer of soap. Hence the actual 
volume fraction v; is larger than v, and the values of 2a are too large by the 
factor v/v; This ratio can be ascertained from the equation of Maron, 
Madow, and Krieger (2), who showed that 


Vv; 6A 
ale Neri D, [14] 
where A is the thickness of the soap monolayer, 27.5 A. for the oleate ion, 
and D, is the volume to surface average diameter of the latex particles, 
1216 A. for this latex. On substitution of these values of A and D, into 
Eq. [14], we obtain v,/v = 1.136. Division of 2a by this correction factor 
yields the values given in column 3 of Table IV. The average of these, 
2.52 + 0.01 is in excellent agreement with the expected Einstein value of 


2.50. 


Volume Fraction at Infinite Viscosity 


The 1/8 values, which are the volume fractions at which the viscosity 
of the latex goes to infinity, also have to be corrected to the true volume 
fraction by multiplication by 1.1386. The corrected 1/8 values are given 
in the last column of Table IV. These vary from 0.68 to 0.72 over the shear 
stress range covered. With the use of the packing factors given by Hey- 
wood (15) for uniform spheres, and with allowance made for the particle 
size heterogeneity of the latex, it would appear that the packing of this 
latex at the lower shear stresses is a combination of orthorhombic and 
tetragonal, with the latter predominating. As the shear stress is increased, 
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TABLE IV 
Corrected Constants for the Modified Eilers Equation 

Shear stress 2a A 3 1.1365 
0.08 2.82 2.48 0.594 0.675 
0.25 2.85 2.51 0.598 0.680 
0.50 2.86 2.52 0.600 0.682 
0.75 2.86 2.52 0.601 0.683 
1.00 2.87 2.53 0.602 0.684 
2.00 2.87 2.53 0.605 0.688 
3.00 2.88 2.54 0.608 0.691 
4.00 2.88 2.54 0.611 0.694 
6.00 2.87 2.53 0.614 0.698 
8.00 2.86 2.53 0.617 0.701 
10.00 2.84 2.50 0.620 0.705 
15.00 2.86 2.52 0.627 0.712 
20.00 2.85 2.51 0.631 0.717 


there seems to occur a gradual transition to the densest, or rhombohedral, 
packing. However, the transition is incomplete, and the dominant packing 
at the higher shear stresses seems to be the tetragonal. These observations 
are in agreement with the results of Maron and Fok (4), who found the 
packing factors for X-667 latex between F,,, = 50 and F,,, = 800 dynes/em.2 
to vary from 0.69 to 0.74. 


Deviation of Latex from Newtonian Flow 


Equation [13] may be used to show the manner in which the extent of 
non-Newtonian behavior of the latex varies with F,, and v. Differentiation 
of the equation with respect to F,,, at constant v yields 


(eae ed aa’ PF}? [15] 
On Pr/or (aFiU? + c)*(1 — B(Fn)v)\( — B(Fn)v + av)’ 
Now, if we allow N to be a variable in Eq. [7], then 


d ln », = 
(; In i). whee” [16] 
and hence, 


netsigle ak” v 
Reales | a a * la — BF.) — 6a) = wal: ee 


The quantity (V — 1) is a measure of the extent of deviation of the 
latex from Newtonian behavior, since in the latter instance N = 1. Ex- 
amination of Eq. [17] reveals that (V — 1) has some finite value no matter 
how small F,,, becomes. This cannot be the case, since the latex was found 
to have a Newtonian limit in the low shear region. Furthermore, the 
extent of the Newtonian region varies with concentration, as shane in 
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Fig. 3. It is evident, therefore, that not the entire applied shear stress, 


an is responsible for producing non-Newtonian flow, but only the part F, 
where 


F = F,, — Fo, [18] 


Fy being the shear stress up to which the latex is Newtonian at a given 
volume fraction of rubber. On this basis (V — 1) must be related not to the 
total shear stress applied, but only to the portion F; i.e., (1 — N) is given 
not by Eq. [16] but by 


0 In n,- sh 
(: In ay tna ae [19] 


To convert Eq. [16] to Eq. [19] we may proceed as follows. From Eq. 
[18] at constant 7 and vdF = dF,,, and hence 


F,,0 In F,, = Fain F. [20] 


Consequently, 
0 In n, sab thay Copa eg7)- _ 
€ In oe os le (; In ae i a iS N), ' eu 
and substitution of Eq. [15] yields 


F aoFh!? v 
0-9 arr tella=set ees ™ 


Equation [22] was used to calculate the (V — 1) values corresponding to 
- various values of F,, and v. These are given in Table V. Also listed in the 


TEMPERATURE = 30.0°C 


(N-1) 


ial (ee Rd Lee Be, 
ie) 2 4 6 8 iKe) 12 14 16 18 20 22 
Fr, ~ DYNES /CM 


Fig. 6. Degree of non-Newtonian behavior of X-667 latex at various shear stresses 
and volume fractions. 
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TABLE V 
(N — 1) Values for GR-S X-667 Latex at 80.0°C. 
Shear 2 = 0.293 0.341 0.387 0.430 0.468 0.511 0.546 0.564 
stress 
das ‘ Fo = 3.75 2.78 2.15 1.56 1.04 0.45 0 0 
| (W— 1) 

0.08 0 0 = = = = == = 
0.25 0 0 0 0 0 0) 0.0668 | 0.110 
0.50 0 0 0 0 0 0.00482 | 0.0908 | 0.147 
0.75 0 0 0 0 0 0.0232 | 0.109 | 0.174 
1.00 0 0 0 0) 0 0.0363 | 0.122 | 0.195 
2.00 0 0 0 0.00728 | 0.0242 | 0.0693 | 0.163 | 0.253 
3.00 6 0.00119 | 0.00722 | 0.0190 | 0.0392 | 0.0894 0.188 | 0.291 
4.00 | 0.000738 | 0.00564 | 0.0133 | 0.0273 | 0.0502 0.105 0.208 | 0.312 
6.00 | 0.00529 | 0.9119 | 9.0221 0.0394 | 0.0661 | 0.127 0.2388 | 0.347 
8.00 | 0.00850 | 0.0163 | 0.0285 | 0.0481 0.0778 | 0.144 0.260 | 0.376 
10.00 | 0.0110 0.0199 | 0.0335 | 0.0551 0.0871 | 0.157 0.277 0.393 
15.00 | 0.0156 0.0264 | 0.0429 | 0.0681 0.104 | 0.181 0.305 | 0.423 
20.00 | 0.0187 0.0313 | 0.0499 | 0.0780 | 0.118 | 0.200 0.329 0.449 


table at the corresponding volume fractions are the /’y values taken from 
Fig. 3. Finally, Fig. 6 shows (NV — 1) as a function of F,, for various values 
of v. The dotted curve indicates the dividing line between latices having a 
measurable Newtonian region in the low shear range, and those which 
are completely non-Newtonian. The value of v for which this transition 
occurs is 0.544, and comes from the intersection of the plot with the v-axis 
in Fig. 3. 

The results shown in Fig. 6 agree with those of Maron and Fok (4), 
whose (VN — 1) vs. F,, plots went through maxima at approximately 100 
dynes/cm.”, and then decreased with decreasing F’,. It was not necessary 
for them to use the (V — 1) equation corrected for Fo, since as F,,, increases, 
F/F,, approaches unity. The (V — 1) data obtained here decrease with 
decreasing F,,, and finally intersect the F,, axis at (V — 1) = 0, corre- 
sponding to F,, = Fo. Below Fo the flow is Newtonian, and (NV — 1) 
remains equal to zero. 


ACKNOWLEDGMENT 


This work was performed as part of a research project sponsored by the 
Office of Synthetic Rubber, Federal Facilities Corporation, in connection 
with the government Synthetic Rubber Program. 


SUMMARY 


The flow properties of low temperature GR-S X-667 latex have been 
investigated in a new low shear stress viscometer at 30.0°C. The range of 
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hear stresses covered was 0.08 to 20.0 dynes/cm.2. The concentration was 
aried from 5% to 59% solids in approximately 5% increments. 

The latex was found to be completely Newtonian below a volume 
raction of v = 0.246. Above v = 0.246 the latex flow was Newtonian at 
ow shear stresses, changing to non-Newtonian as F,,, was increased. 
‘urthermore, the range of F’,, over which the flow was Newtonian proved 
o be a linear function of the concentration between v = 0.320 and v = 
).544. Above 0.544 the flow behavior was non-Newtonian over the entire 
ange of F,,, covered in this study. 

It was found possible to express the flow behavior of this latex as a 
unction of F,,, and v in terms of the modified Eilers equation involving two 
yarameters a and 8B; a was found to be a constant, while 8 was a function 
~ F,,. This equation predicts that at infinite dilution 2a should equal the 
Jinstein 2.50 for suspensions of spheres. When the observed values of 2a 
vere corrected for the volume occupied by the layer of adsorbed soap on 
he latex particles, the value obtained for this factor was 2.52 + 0.01. 
Again 8, which is the volume fraction at which the viscosity becomes 
nfinite, was found at the lower shear stresses to be of an order of magnitude 
xpected for spheres with a mixture of orthorhombic and tetragonal pack- 
ng. With increasing [,, the packing became tighter, and appeared to 
upproach the densest, or rhombohedral, packing. 

The equation was used also to obtain an expression for the deviation of 
he latex from Newtonian behavior as a function of F’,, and v. At any given 
hear stress the deviation was the greater the higher the volume fraction. 
Again, at volume fractions above v = 0.246, and below v = 0.544 the degree 
¥ non-Newtonian behavior decreased regularly with decrease in Fn, 
reaching a Newtonian limit at some low shear stress. However, no New- 
onian limit was found above v = 0.544. 
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ABSTRACTS 


Values for A’ and Cy,, for methyl methacrylate polymerization betwen 20°C. 
and 98°C. are presented. These are important for accurate calculation of rates of 
initiation. 

The general relation between number-average degree of polymerization, 
P,,, and the initial rate of polymerization, R,, in the presence of varying 
amounts of a*given catalyst is (1): 

1 AMR Odio: 
S- = Crm + 2 4 SP 
PP; [M1] B,[M] 
where: C%;,,ca: is the chain transfer to catalyst constant; 
C'tr,m 18 the chain transfer to monomer constant; 
[M] is the initial monomer concentration; 
B, is defined by the relation 


Re =a B,[{cat] + Tg a . [2] : 


[1] 


For certain catalysts, the plot of 1/P, versus R, is a straight line. This 
is clearly a necessary and sufficient condition for the absence of chain 
transfer to catalyst. In these cases the value of A’ can be obtained from 
the slope of 1/P, vs. Rp line, which we have termed the monoradical line. 

The quantity A’ is a combination of the kinetic constants for propaga- 
tion and for termination by combination and disproportionation. 


A’ bts — Ke [3] 
Pp 


The importance of A’ lies in its role in relating the rate of initiation of 
polymer chains, R;, to the rate of polymerization, Rp. 


2A’ 2 
where z is the ratio of disproportionation to over-all termination and can 
536 
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° 8 16 24 32 40 48 
6 
Rp x 10 


Fra. 1. 1/P,. versus Ry for methyl] methacrylate initiated by 2-azobisisobutyroni- 
trile at 30° C. 


vary between zero and unity. If A’ is known, a measurement of R, is thus 
essentially a measurement of R,. 

In the earlier reference (1), A’ values for methyl methacrylate at various 
temperatures compiled from various literature sources were tabulated. 
In this paper we have supplemented these with A’ values obtained over a 
much wider range of temperature in our own laboratories. These A’ values 
were all obtained from plots of 1/P,, versus R, using initiator systems which 
gave straight lines. The values of P,, were obtained by measurements of 


TABLE I 
A’ and Crm for Methylmethacrylate at Various Temperatures 

Digs Cs i (°K.)71 A’ Ctrsm Initiator* Ref. 
20 3.42 X 10-3 311 By oe Wee Azo a 
25 3.35 es 292 eo <a Oe Azo b 
30 3.30 a 176 Ie2 ae Azo a 
30 3.30 ee 193 1.5 es Azo c 
50 3.10 ss 103 4 a Bz20. d 
60 3.00 ss 67.3 1 of Bz2.02 & Azo e 
60 3.00 =e 65.3 — Azo f 
70. | 2.92 “e 44 6 ‘ Bz202 d 
98 2.70 es 16.4 Sia! ve DTBP g 
* Azo = 2-azobisisobutyronitrile. 


Bz2O2 = dibenzoylperoxide. 
DTBP = di-t-butylperoxide. 
a. J. A Levy, Senior Thesis, Princeton University (1954). 
b. H. Hsieh, unpublished results, this Laboratory. 
c. T. E. Ferington, unpublished results. 
d. G. V. Schulz and G. Haborth, Makromol. Chem. 1, 106 (1947). 
e. B. Baysal and A. V. Tobolsky, J. Polymer Sct. 8, 529 (1952). 
f. J. L. O’Brien and F. Gornick, presented at Philadelphia Meeting of the American Chemical Society, 


January 29, 1953. ; 
g. J. A. Offenbach, unpublished results, this Laboratory. 
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the intrinsic viscosities of the unfractionated polymer samples using the 
equation (2) 

Log P, = 3.2485 + 1.250 log [n] [5] 


A typical linear plot of 1/P, versus R, is shown in Fig. 1 for the Se 
methyl methacrylate-2-azobis-isobutyronitrile at 30°C. ‘The values of A 
obtained from the slopes of this and similar plots are given in Table I. 


400 


200 


20 


25 \ 3.0 3 3.5 
7 * Ke) 


Fie. 2. Log A’ versus 1/7’ for methyl methacrylate. 


The values of log A’ are plotted as a function of 1/7 in Fig. 2 and the 
best straight line drawn through these points. The best fit to the data is 
given by the equation 


8.18 keal. 


A’ = 3.00 X 10~* exp aie [6] 


This result modifies the previous result set forth by Tobolsky and Baysal 
(1) 

9.35 keal. 

car a 


which was based on results over a much more limited temperature range. 


The equation calculated from the absolute rate constants of Matheson 
et al. (3) is: 


A! ="5.02'X 10" exp 


9.78 keal. 
RT 


A’ = 2.59 X 10° exp 
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We have also tabulated the intercepts of the 1/P, vs. Rp graphs in Table 
I. This intercept, as shown by Eq. [1], is equal to Ci,,m and is defined by 
Kir,m/kp Where ky, m is the specific rate constant for the transfer of growing 
radical chains to the monomer and ky is the specific rate constant for the 
growth step. Since Cy, is rather small, its experimental determination by 
our methods is not too precise. The values obtained are of the order of 
10° and show only a small increase with temperature. The older litera- 
ture values of Schulz and Haborth appear to be somewhat high. 
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INTRODUCTION 


Small-angle X-ray scattering depends on the shape and size of structural 
elements, on their size distribution, and on their mutual arrangement. The 
arrangement of structural elements affects the scattering in the case of 
dense systems because of the interference between the rays scattered from 
the individual elements. The influence of the ‘‘inter-particle interference” 
has been experimentally proved and theoretically investigated on different 
models of specimen structure. 

There is a field of application of the small-angle scattering method 
where the opinions of various authors do not agree with regard to the 
necessity of taking into account the inter-particle interference. Polydis- 
perse systems of irregular structure, such as various adsorbents and cata- — 
lysts, were—owing to their industrial importance—often investigated by 
the small-angle scattering method. In order to obtain some information 
about the degree of dispersion, the scattering curves of such materials 
have been evaluated by methods used for dilute systems neglecting the 
phenomenon of inter-particle interference (1, 2). In several cases the results 
were confirmed by independent methods (2, 3). An early experiment (4) 
showed that colloidal silver in dilute solution and after flocculation had 
almost equal scattering curves. The question whether neglecting inter- 
ference is justified in the case of polydisperse systems is the main point of 
a discussion by Hosemann and Kratky (5) and continued by Hosemann 
and Porod (6-10). In the course of this discussion two methods of analysis 
of scattering curves were elaborated, both applicable to rather irregular 
polydisperse systems. One method is due to Hosemann (6) and the other 
to Porod (10, 11). 

The purpose of this investigation was to study the influence of increasing 
packing density of a polydisperse system on the trend of the scattering 
curve and on the intensity of scattered radiation, and to compare Hose- 


‘Presented at the Third International Congress of the International Union of 
Crystallography in Paris, July 21-28, 1954. 


540 


SMALL-ANGLE X-RAY SCATTERING 541 


mann’s method both with that of Porod and with the electron micrograph 
method. 


EXPERIMENTAL 


1. Material 


Finely divided hydrated alumina obtained by spontaneous oxidation of pure 
aluminum activated with mercury seemed to be a material suitable for the intended 
investigation. This substance was obtained by exposing aluminum plates to oxidation 
in air after purifying them in 50% caustic soda (50°C.) and immersing in a saturated 
solution of HgCl2. The white powder formed on the surface of the aluminum plates 
was used as the initial material for preparing the specimens of various 
packing densities. 

The physical and chemical properties of the material were investigated. The X-ray 
powder diffraction analysis showed the material to be the aluminum hydroxide called 
bayerite (12). The chemical analysis gave: 59.5% Al2Os; loss on ignition 40.5%; mer- 
cury in traces (13). The density measured with a pycnometer was 2.2 g.cm.-3. The 
mass absorption coefficient calculated—and also verified experimentally—was 24 
em.*g.-! for the CuK, radiation. 

The electron micrograph of the material is given in Fig. 1. The structural elements 
are visible at the edges of the nontransparent clusters, and have the form of filaments 
of various thicknesses and various lengths. Most filaments consist of a row of knots 
and seem to be composed of globular particles. Since the thickness of the filaments 
probably corresponds to the size of elementary particles, the thicknesses of filaments 
with the sharpest edges were measured by means of a micrometer. The mean thickness 
of 165 filaments was 77 A. 


2. Preparation of Specimens 


If p’ is the average density, i.e., the ratio of the mass to the volume of the specimen, 
and p is the true density of the substance, then the ratio 


p=" [1] 
p 


Fic. 1. Electron micrograph of the examined alumina hydrate. 
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describes the so-called packing density or the relative volume of the specimen, oc- 
cupied by the substance. 

We desired to prepare a set of specimens of various packing densities but of the 
same thickness so that the volume irradiated by X-rays would remain constant 
for each specimen. This thickness cannot be optimal for all specimens with respect 
to the intensity of scattered radiation because the optimal thickness—being 1/u 
(u is the linear absorption coefficient)—depends on the average density. We, there- 
fore, considered as most favorable the thickness for which the total exposure time 
for all specimens would be a minimum. In order to estimate this thickness we had 
to derive an expression which could be a measure for the total exposure time. We 
started from the relation giving the intensity of scattered radiation J: 


I ~ Inde*d, [2] 


where Jy is the intensity of incident radiation, and d is the thickness of the specimen 
whose density is p. For a specimen of average density p’ and thickness d’ the condition 


pd = p'd’ [3] 


must be fulfilled if we wish to obtain the same intensity of scattered radiation with 
both specimens. By substituting [3] in [2] we obtain: 


‘yt 
ag th p'd en (H/p)p’ a", [4] 
p 
Hence the optimal thickness is given by 


, 1 
dnp = =. [5] 
up 


The exposure time ¢ is inversely proportional to the intensity of scattered radia- 
tion; thus we can write: 


1 
Us: (p'd’ /p)e~ HIP) P/a” 5 [6] 


The demand that the total exposure time be minimum may be written as 


i 
LU Gd peur = minimum, [7] 
the sum being taken over all specimens prepared for examination. 

By selecting in advance the values of p’ for twelve specimens (these values are 
indicated on the abscissa in Fig. 3), the expression [7] was computed for different 
values of d’. The minimum exposure time would be given by the specimens of thick- 
ness 0.6 mm., if, of course, the intensity of scattered radiation were affected only 
by absorption and not by the inter-particle interference. 

The specimens of low average density in the form of powder were exposed to X-rays 
in a demountable cell between two foils of mica. Specimens of average densities 
higher than 0.5 g.cm.~? were tableted in a steel mold; the inside tube had to be very 
smooth to make possible the extrusion of tablets without breaking them. The pressure 
used for tableting the specimens of greatest densities exceeded 15,000 atmospheres. 

The highest obtained average density was 1.96 g.cm.-3, but the tablet fell to pieces; | 
however, one piece of it was exposed to X-rays. | 

With the specimens prepared for examination denoted by numbers 1 to 12, the 
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TABLE I 
The Data on the Examined Specimens 
: Thickness Average density Packing density, Computed Observed 
Specimen d (mm.) (g.cm-3) p exposure time exposure time 
1 0.60 0.057 0.026 4.76 4.17 
2 0.60 0.11 0.052 2.65 - 2.76 
3 0.60 0.23 0.10 1.51 0.83 
4 0.60 0.46 0.21 1.05 0.71 
5 0.58 0.59 0.27 1.01 0.80 
6 0.59 0.81 0.37 1.00 1.00 
7 0.62 0.99 0.45 1.08 1.14 
8 0.59 1.21 0.55 1.16 1.96 
9 0.62 1.38 0.64 1.35 2.64 
10 0.62 1.62 0.73 1.64 3.67 
ll 0.64 1.82 0.83 2.10 6.91 
12 0.50 1.96 0.89 2.61 7.51 


second column of Table I shows their thicknesses and the third and fourth columns 
refer to their average and packing densities. The average densities ranged from 
0.057 to 1.96 g.cm.-* and the packing densities from 0.026 to 0.89. 


3. Registration of Small-Angle Scattering 


The specimens were irradiated by the nickel-filtered copper radiation in an evacu- 
ated camera as described by Kiessig (14). The specimen-film distance was 200 mm. 
The smallest registered scattering angle was 21’. Four diagrams of each specimen 

were registered photographically with various exposure times and developed under 
strictly the same conditions. The photometering was performed by means 
of a Chalonge-Laffineur self-registering microphotometer. 


log | 


0 il 2 3 4 5 6 
Abscissa on the film, mm. 


Fria. 2. The scattering curves corresponding to the specimens 1, 6, and 12 of average 
densities 0.057, 0.81, and 1.96 g.cm.%, respectively. 
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By arranging the scattering curves to intersect in a point, a pencil is obtained 
bounded on one side by the steepest scattering curve corresponding to the specimen 
of the highest average density (1.96 g.cm.~*) and on the other side by the curve of 
smallest slope, given by the specimen of the average density 0.81 g.cm.-3 (Fig. 2). 
Comparison of the twelve scattering curves revealed the imperfection of the photo- 
graphic method of registration. Because of the uncertainty in the measurement of 
the background blackening it was difficult to observe the subtle differences between 
the shapes of the curves. Figure 2 represents the scattering curves corresponding 
to specimens 1, 6, and 12. Curves 6 and 12 are extremes in the slope and 1 and 12 in 
the average density of the corresponding specimens. 


THE INTERPRETATION OF EXPERIMENTAL DATA 
1. The Influence of Packing Density on the Intensity of Scattered Radiation 


By considering the exposure times used for detecting the small-angle 
scattering of different specimens and the resulting blackening some con- 
clusions can be drawn about the relation between the packing density and 
the intensity of the scattered radiation. 

Relative exposure times as computed by means of relation [6] and re- 
lated to specimen 6 are given in column 5 of Table I. The experimental 
exposure times giving the same blackening in a fixed direction (scattering 
angle 0.007 rad. was chosen) were found from scattering curves and were 
related to the same specimen. These values are given in column 6 of Table 
I; they differ greatly from the theoretical set of values in column 5. 

It is remarkable that specimen 4 showed the strongest scattering and | 
not specimen 6, as would be expected from consideration of the absorption » 
only. Such a behavior would correspond to a material of greater mass 
absorption coefficient. To see whether the apparent increase of absorption 


Exposure time 


~ 
Ka ee 


0.2,)'0:4) O16 WOiI86 1:0 1:2 ea4nltoanlS 2.0 
Average density p', g./cm.> 


Fie. 3. The observed exposure times giving the same intensity of scattered radia- 
tion in a fixed direction for specimens of various average densities (crosses) compared 


with exposure times computed by help of the ex 1 ituti 
: pression [6], substitutin = 24 
(full line) and 42 (broken line). ree 
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coefficient could account for all the differences between the theoretical and 
experimental exposure times we tried to derive the mass absorption co- 
efficient from the experimental scattering curves. We applied the relation 
[6] to the two specimens adjacent with respect to the average density. 
Dividing the corresponding values: 
(pi! Giger os le 
ty’ 


(po! de! | pe 010902" 42’ 


the constant of proportionality disappears and u/p can be determined. 
Substituting d’ and p’ for several pairs of specimens in relation [8] we 
found the mean value of p/p to be 42. 

Then the exposure times were computed by help of relation [6] substi- 
tuting for u/p the value 42 (instead of 24). These computed values for 
exposure times were in rather good accordance with the experimental ones. 
Figure 3 illustrates the exposure time as a function of the average density 
for specimens of thickness 0.6 mm. and mass absorption coefficient 24 
(full line) and 42 (broken line), as computed by means of relation [6]. The 
crosses represent the experimentally obtained exposure times corrected to 
the thickness 0.6 mm. 

It is seen that the absorption alone accounts only for the scattering of 
the two specimens of smallest packing densities; the others scatter approx- 
imately as if the mass absorption coefficient were increased. This behavior 
could be attributed to the influence of inter-particle interference on the 
intensity of scattered radiation, if we supposed that the variation of shape 
of scattering curves could be neglected. Hence, this interference effect can 
be described approximately by an exponential law. 


[8] 


2. The Analysis of Scattering Curves 


The scattering curves represented in Fig. 2 were analyzed by the methods 
of Hosemann (6) and Porod (10, 11). 

Hosemann supposes that the specimen consists of individual particles, 
each particle with its surrounding space forming one sphere and the packing 
density of all spheres being constant. The curves obtained by plotting 
I vs. kk = 2xe/d, € being the scattering angle) have a maximum, the 
part of the curve from the maximum toward greater scattering angles is 
of interest for interpretation. This part is not affected by inter-particle 
interference if the mean relative statistic fluctuation g is not smaller than 


the packing density p: 
g 2 P. [9] 
In a simple way g can be found and therefrom the parameters of the 


assumed Maxwell particle mass distribution. 
Evaluating the scattering curves of specimens 1, 6, and 12 by this method, 
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we obtained the mean particle diameters 91, 116, and 194 A., respectively. 
The statistic fluctuation increased with increasing packing density. The 
condition [9] was fulfilled only for the first two specimens. Thus in the 
case of specimen 12 one can expect that the position of maximum on the 
([k?, k) curve is affected by inter-particle interference. However, the calcu- 
lation showed that the value of 194 A. would not change much if the max- 
imum was shifted toward smaller scattering angles. 

Porod investigated the scattering from a system of ‘gel structure.”’ In 
such a system the concept of individual particles becomes senseless owing 
to their close contact. With regard to the scattering, the dispersed phase 
is treated as a whole. As to the parameters obtainable from scattering 
curves there is some inconsistency within the papers of Porod himself. 
We shall therefore describe the way we obtained them. 

None of the scattering curves of the three specimens showed the decrease 
of the intensity with the fourth power of the corresponding scattering 
angle. The slope of all three curves represented in system log J vs. log ¢ 
was —5 in the range of greater scattering angles. This disagreement with 
Porod’s theory could be explained by the deformation of the scattering 
curves due to the collimation error of circular apertures used in the col- 
limating system (15). Thus it was impossible to obtain the characteristic 
parameter of the colloid system, called by Porod the “reduced range of 
inhomogeneity” J, (11). The other size parameter /,, called the “range of 
coherence,” 
mating system (10) 


“ I(x)a dx 
——— fp A [10] 


2 bd : 
if I(x)x° dx 
0 


D is the specimen-film distance, x is the abscissa on the film, measured from 
the center of the diffraction pattern. This parameter, found for specimens 
1, 6, and 12, was 84, 91, and 122 A., respectively. Having ‘set [, = 21,, 
we assumed (11) that the system is built of irregular particles forming 
clusters. 

Without theoretical justification Porod (11) generalized a formula de- 
rived for micellar systems (10): 


ik db 1 
where a—called “‘the range of inhomogeneity”’—is the mean section of all 


sections occupied by the substance on the straight lines drawn through 
the specimen, and b is the mean section of all free sections on the same 


was found using Porod’s formula derived for an ideal colli- I 
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lines. Porod related a and b to p by the equations 
aq = bp = |,, [12] 
where gq = 1 — p. We preferred to find a and b using the relation [11] and 


the following relation: 
a /D 
b a / q ) [13] 


where p/q is the ratio of relative volumes of the substance and the inter- 
stices in the specimen. The values for a were found to be 55, 83, and 183 
A., respectively. 

From J, the specific surfaces were obtained: 423, 254, and 32 mg. for 
specimens 1, 6, and 12, respectively. 


DIscUSsION AND CONCLUSIONS 

In considering the results of the experiment just described, the first 
conclusion is that the trend of scattering curves is not much modified by 
the increase of packing density. This fact is in accordance with the pre- 
dictions of Guinier (4, 16), Hosemann (17), and Fournet (18) in the case 
of irregular polydisperse systems. 

As to the packing density influence on the intensity of scattered radia- 
tion Guinier (16) stated that the inter-particle interference would destroy 
the intensity the more, the greater the packing density. By a rough the- 
oretical estimation he found also the rate of intensity decrease. If the system 

is composed of irregular particles and is not too compact, the intensity 
would diminish in the ratio (1 — d’/d), d being the electron density of the 
substance and d’ the mean electron density of the specimen. 

The performed experiment has outlined an approximate law describing 
the relative intensity of scattered radiation as a function of packing den- 
sity. By separating this expression into two factors: 


tq! tae Wake 6 tye =s tat 
ae LN nas, Oars Melange [14] 
Io p p 


we have separated the effect caused by absorption as given by [4] and the 
interference effect. Representing graphically the isolated parts of [14], 
three curves in Fig. 4 illustrate the packing density influence on the in- 
tensity of scattered radiation as caused by the absorption alone (curve 
A), by the inter-particle interference alone (curve B), and by both effects 
together (curve C). 

The trend of curve B in Fig. 4 confirms qualitatively Guinier’s statement 
about the intensity-destroying influence of packing density. A theoretical 
explanation of the quantitative behavior of intensity in our experiment is 
hardly attainable owing to the complicated structure of the investigated 


substance. 


548 KATARINA KRANJC 


There is another. view of the same question taken by several authors 
(17, 9); they suppose that the strongest intensity of scattered radiation 
could be expected if the packing density were about 0.5. This statement 
is not as yet experimentally proved, and it is not clear how proof could be 
obtained. In our experiment the thickness of the specimens being constant, 
the strongest scattering was given by the specimen of packing density 
about 0.2 (see curve C in Fig. 4), but this optimal density obviously de- 
pends on the specimen thickness. On the other hand, we could imagine 
the specimens prepared in such a way that a constant amount of the 
material occupies the irradiated volume. This condition would require the 
thickness of the specimens to diminish with increasing packing density, or 
the product p’d’ to be constant for all specimens. In case our previous 
experience could be applied, both factors in [14] would not depend on 
packing density, and thus the intensity of scattered radiation would be 
constant for all specimens. 

Of course, the entire question could be answered more precisely if we 
knew the course of the whole scattering curve including the zero scattering 
angle. However, we may conclude that, for registering the small-angle 
scattering of various powders and gels, the specimen thickness smaller 
than that given by [5] would be optimal. 

The mathematical analysis of the scattering in polydisperse systems is 
necessarily based on simplified models which do not describe real materials. 
Owing to this fact and to the experimental errors (collimation and chromatic 
error) we cannot expect more than a rough estimation of the parameters 
characterizing the substance. It is therefore always of interest to compare 


Packing density, p 
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Fic. 4. The approximate influence of packing density on the intensity of scattered 
X-rays, 2S caused by the absorption (curve A, given by the relation y = 
(p'd'/p)e-%4? gy by inter-particle interference (curve B, representing the relation 
y = e718°'4" 10-2) and by both effects together (curve C given by y = (p'd’/p)e-1#2°'4’) 
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the data obtained by small-angle scattering with that obtained by other 
methods. 

We shall compare the data obtained by Hosemann’s method with the 
electron micrograph data of specimen 1. First, the average values obtained 
by both methods do not describe the same physical quantity. Knowing 
the thicknesses of a number of structural elements seen in the electron 
micrograph, and supposing that these elements have spherical form, we 
can in a simple way compute their mean diameter with regard to the mass 
distribution. This value being 98 A., we can compare it with 91 A. obtained 
by Hosemann’s method. The agreement is rather good, though the speci- 
men does not fulfill the assumptions underlying Hosemann’s theory. 

We obtained also an increase of the average size with packing density. 
This result is quite reasonable, because the more material is packed into 
the same volume, the more structural elements will associate together and 
thus the average size will become greater. The decrease of the degree of 
polydispersity could be explained by the disappearance of the smallest 
particles owing to their association into greater units. 

One more conclusion could be drawn from the obtained data. The fact 
that the average size increases with packing density proves that, in the 
case of the very dense systems also, this average size, as obtained by Hose- 
mann’s method, describes the size of the particles and not of the interstices. 
If the predictions about this point were fulfilled (4, 9), the maximum aver- 
age size would be reached for specimens of packing density about 0.5; at 
greater densities the holes penetrating the substance would be responsible 
for the scattering. 

The theoretical basis of Porod’s method was seriously critized by Hose- 
mann (8). However, a number of substances were investigated by the 
gel-structure method (10, 11) and the data obtained were in accordance 
with known properties of the specimens. The physical picture of the size 
obtained by Porod’s method is not clear enough to compare it with that 
obtained by the electron micrograph. But its increase with increasing 
packing density proves that we are dealing with a size parameter which 
could describe the state of dispersion of matter. The decrease of specific 
surface with increasing packing density, as shown by this method, is also 
a reasonable result. 


We wish to thank Professor M. Paié for his continued interest and fre- 
quent advice in the course of this work, which has been performed in his 
laboratory. We thank also the Ruder Bogkovié Institute for the loan of 
the microphotometer and for material support. 


SUMMARY 


The influence of packing density of a polydisperse colloid system on the 
shape of the small-angle scattering curve and on the intensity of scattered 
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radiation was studied experimentally. Twelve specimens of a finely divided 
alumina hydrate were prepared, their thickness being constant and their 
packing density increasing from 0.026 to 0.89. The shape of scattering 
curves did not vary much from one specimen to the other, as predicted by 
several authors. The intensity of scattered radiation was destroyed by the 
inter-particle interference as if the mass absorption coefficient was in- 
creased by a constant value. The average particle size of structural ele- 
ments, as obtained from scattering curves by methods of Hosemann and 
Porod, increased with the packing density; this could be explained by the 
association of the particles in the process of pressing the material. The 
average size as obtained by the X-ray method is in rather good agreement 
with the average size of structural elements as shown by electron micro- 
graph. 
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ABSTRACT 


A new relation between the concentration of the coagulating electrolyte and the 
time of coagulation 01 copper ferrocyanide sol has been studied. The observations 
have been found to agree with the new equation, C = a + (m:1/t)/(m + 1/t), where 
C and ¢ are electrolyte concentration and time of coagulation, respectively; a, m, 
and n are constants. 


Extensive studies have been made on the coagulation of colloids and 
various suggestions have been advanced by well-known workers in this 
field to explain the mechanism of rapid and slow coagulations. Smoluchow- 
ski (6), on a mathematical basis, derived his ingenious equation 2v = 
vo/(1 + t/T), which has been tested by many authors and has been found 
to be consistent with experiment for rapid coagulation but to fail in the 
region of slow coagulation. The process of coagulation by the charge neu- 
tralization of colloidal particles is so complicated that no one has been sure 
of the exact mechanism of the phenomenon that follows after the addition 
of the flocculating electrolyte to a particular sol at various stages. In spite 
of the extensive amount of work that has been done so far in order to eluci- 
date the phenomenon of coagulation, it will be of much interest to study 
the relationship between the concentration of the electrolyte and the cor- 
responding time of coagulation. 

Mathews and Murphy (4), Boutaric (2), and Dumanski and Schersch- 
nev (3) investigated the relation between the electrolyte concentration and 
the stability of sols. Their studies brought out the important fact that the 
time of coagulation was a function of the electrolyte concentration which, 
as expressed by Dumanski, was of the form ¢ = aC”, when ¢ is the time of 
coagulation and C the number of cubic centimeters of the electrolyte added, 
a and n being constants for the given system. Mathews and Murphy, and 
Boutaric also, observed that for every electrolyte there was a limiting con- 
centration below which coagulation was not possible. Bhattacharya and 
Ram Kumar (1) studied the variation of the time of coagulation with the 
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electrolyte concentration with arsenious sulfide, chromium hydroxide, and 
ferric hydroxide sols. By plotting the concentration of the electrolyte C 
with the reciprocal of the corresponding time of coagulation 1/t they ob- 
tained hyperbolic curves in the majority of cases but in a very few cases 
the plots were straight lines. On these grounds, a general equation C = 
a+ (m-1/t)/(n + 1/t), where a, m, and n are constants, has been sug- 
gested. This equation represents a hyperbola between C and 1/t but when 
the constant n becomes very large as compared to t, the equation takes 
the form C = a + m-1/nt, which is linear between C and 1/t. In this paper 
we communicate our results on the slow coagulation of copper ferrocyanide 
sol by electrolytes. 


EXPERIMENTAL 
Preparation of Copper Ferrocyanide Sol 


A number of preliminary experiments were made to find a proper pro- 
portion of copper sulfate and potassium ferrocyanide solutions which would 
result in the formation of a stable copper ferrocyanide sol. These experi- 
ments suggested that copper sulfate and potassium ferrocyanide solutions 
must be mixed in the ratio 4/5 in order to yield a stable sol. The sol thus 
prepared was dialyzed against distilled water until it was free from potas- 
sium ferrocyanide. 

Reagents used were of “Analar” (B. D. H) quality. 

The method of determining the time of coagulation was based upon the 
visible separation of clear liquid at the surface. Five cleaned and dried ~ 
test tubes, each containing v c.c. of the electrolyte of known concentra- 
tion, (5-v) ¢.c. of water, and 5 ¢.c. of sol, were allowed to stand undisturbed. 
The time at which the coagulam just began to leave the surface of the liquid 
was noted carefully. The mean of the readings for the five test tubes was 
taken as the time of coagulation corresponding to v c.c. of the electrolyte. 
The above method has been found to be satisfactory for determining the 
comparative values of the time of coagulation for different concentrations 
of the electrolyte. 

Experiments were performed with three different concentrations of the 
sol, viz., A, 34/4, and A/2 using different electrolytes. 


TABLE I 
Values of the Constants, a, m, and n, for Copper Ferrocyanide Sol 
(Concentration A = 3.38 g. of copper ferrocyanide per liter.) 


Plecuolvie (nsilimoles ister) (nithimoles/ titer) orinsty 
Sol A Sol 34/4 Sol 4/2 Sol A Sol 34/4 Sol A/2 “Sol A Sol 34/4 Sol 4/2 
1. LisSO, 400 300 200 2174 1667 1250 0.0304 0.036 0.035 
2. MgSO, 0.75 0.70 0.50 8.333 1.9238 1.316 0.0666 0.0269 0.0237 


3. AlCl; 0.18 0.09 0.02 0.9091 0.6250 0.4348 0.4091 0.3125 0.2391 


COAGULATION OF SOLS 
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Fie. 1. Coagulation with lithium sulfate. 


In order to verify the applicability of the new equation, 


re m:1/t 
a+ aan [1] 
it was put in the form 
if a nt 1 
C-—a 


[2] 
which[shows that the plot of 1/(C — a) against ¢ should be a straight line. 
By knowing the concentrations of the electrolyte (C’) and the corresponding 
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Fia. 2. Coagulation with lithium sulfate. 
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Fia. 3. Coagulation with magnesium sulfate. 


times of coagulation (¢), C-1/t curves were plotted. The intercepts on the 
C-axis of the C—1/t curves gave the values of “‘a’’. Knowing “a’’, 1/(C — a) 
was plotted against t and the curves were found to be straight lines in all 
cases, showing the validity of the new equation. 

A few typical curves obtained by using lithium sulfate, magnesium sul- 
fate, and aluminum chloride as the coagulating electrolytes are given be- 
low and the constants a, m, and n have been evaluated from these curves 
as shown in the following table. As evident from Eq. [2], m is the reciprocal 
of the intercept on the 1/(C — a) axis and n/m can be obtained from 


the slope of the straight line to the t-axis. From the known values n/m and 
m,n was evaluated. 


A/2 
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Fig. 4. Coagulation with magnesium sulfate. 
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Fie. 5. Coagulation with aluminum chloride. 


OBSERVATIONS 
Discussion 


Since in all cases the plots of 1/(C — a) and ¢ are straight lines, it fol- 
lows that Eq. [2] and consequently Eq. [1] agree with our results ob- 
tained in the study of slow coagulation of copper ferrocyanide sol. 

It is of much interest to interpret the constants a, m, and ” in our new 
— equation, C = a + m-1/t/n + 1/t. 


The Constant “a” 


If 1/t is put equal to zero in the above equation, we obtain C equal to a. 
It therefore follows that a is the concentration of the electrolyte which will 
coagulate the sol in infinite time. In other words, we may say that the sol 
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Fre. 6. Coagulation with aluminum chloride. 
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can remain stable up to a concentration given by a and hence a may be 
designated as the critical stability concentration of the electrolyte for the 
sol. 


The Constant m 


If 1/t is made infinitely large as compared to n in the new equation stated 
above, we get C = a + m. This means that m is the excess of the electro- 
lyte that should be added above the critical stability concentration in 
order to cause the immediate coagulation of the sol. It may be said that at 
C =a-+~™m, the region of slow coagulation merges into that of rapid coagu- 
lation. 


The Constant n 


Let us consider the equation, C — a = m/nt + 1, which is an alternative 
form of our new equation. It is evident thatn has the dimension ¢~'. Hence 
putting n = k/t, we get C — a = m/k + 1. This means that n is a constant 
characteristic for the sol which shows that the sol will be coagulated in 
time interval ¢ by 1/k + 1th-fraction of m (the quantity for instantaneous 
coagulation). Hence we finally connect n with the susceptibility or sensitive- 
ness of the sol to the electrolyte which becomes equal to k when t = 1. 

It will be interesting to examine critically the variations in the values of 
the constants a and m. From the table given above it is evident that the 
variation of the constants a and m with the dilution of the sol is quite normal 
in the sense that less of an electrolyte is necessary to coagulate the diluted 
sol for mono-, bi-, and ter-valent precipitating ions. Further the variation 
in the values of a and m with the valency of the cation of the electrolyte 
used suggests that the coagulating power of the cation increases with the 
increase in its valency. But the values of the constant n, however, vary 
normally or abnormally with dilution, specifically with the nature of the 
precipitating ion. In the case of lithium sulfate the value of “‘n’”’ increases 
with the dilution of copperferrocyanide sol, whereas with magnesium sulfate 
and aluminum chloride the values are in decreasing order with dilution. 

The normal and abnormal behavior of various sols had been extensively 
studied by previous workers (Weiser, Mukherji, Dhar, Ghosh, and others). 
It was established by their work that the precipitation concentration of 
the electrolyte is fundamentally governed by three factors: (7) number of 
the particles per ¢.c., (2) the distance between the particles; and (3) sur- 
face adsorption. According to the view of Mukherji (5) the increased dis- 
tance on dilution tends to increase the stability of the sol and increase the 
adsorption of the precipitating ion per unit surface due to decrease in the 
number of particles. Hence the normal or abnormal behavior of the sol on 
dilution, or, in other words, the decrease or increase in stability, will be 
due to the predominating influence of one factor over the other. It is 
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interesting to note that the values of n also vary normally or abnormally 
with dilution, as had been observed for the values of the precipitation con- 
centrations of the electrolytes. It can thus be concluded that the value of 
n is an index of the stability and hence represents the susceptibility of the 
sol to the electrolyte, as has been already interpreted from the new equa- 
tion. 

Further work in this line is in progress. 
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A NOTE ON THE FILTRATION OF AEROSOLS BY A SIMPLIFIED 
FILTER MODEL!’ 


Isaiah Gallily 


Tel-Aviv, Israel 
Received June 21, 1955 


The filtration of aerosols by fiber mats has been treated theoretically by 
the use of a simplified model consisting of a long cylindrical wire (1, 2). 
The theoretical approaches differ regarding the relative importance of the 
mechanisms by which the deposition of particles occurs. However, the 
same conclusion was reached by the various authors, v7z., that filtration 
should have a minimum value for a certain particle size. Experiments with 
commercial filters have not confirmed this prediction (8). Furthermore, 
filtration by inertial impaction has been found experimentally to depend 
on the inter-fiber distance (4), although this was not taken into account 
by some theories (1). 

It is most likely that the complicated paths followed by particles through 
the meshes of a real filter are remote from the flow route discussed in the 
simple theories. In order to check the validity of the theoretical conclusions 
it seemed desirable to construct a filter which would be intermediate be- 
tween the single wire and the complicated system of the fiber mat. To 
deal with mechanical mechanisms only, the filter had to be free of electro- 
static charges. 

The filter consisted of a metallic pipe (5 cm. diameter) containing an 
array of 76 grids set in planes perpendicular to its geometric axis. Each 
grid was composed of parallel, equally spaced metallic wires wound on 
metallic frames (Fig. 1). The diameter of the wires as well as their inter- 
distance could be changed within wide limits. On the other hand, the spac- 
ing between the grids was calculated and fixed so that the flow near the 
axis would be practically repeated in front of every one of them. The 
calculations were based on the equations of Kovasznay (5). In the present 
series of experiments the wire used was 0.0050 cm. in diameter, the inter- 
distance was 0.0270 cm., and the grids were spaced 0.550 cm. apart. The 

‘This work has been carried out under the auspices of the Scientific Department, 
Israeli Ministry of Defence. 

* This note forms part of a thesis submitted to the Hebrew University, Jerusalem, 
in partial fulfillment of the requirements for the degree of Ph.D. 
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number of grids was chosen so as to obtain filtration with a reasonable 
experimental accuracy. This was determined by applying the equations of 
Davies (2) to the calculation of the efficiency of a single grid and allowing 
for the limitation imposed on the length of the filter by the sedimentation 
of the particles and their diffusion to the walls of the pipe. 

The performance of this filter was investigated by passing through it an 
homogeneous aerosol at different laminar velocities of flow (Reynolds 
numbers, based on the diameter of the wire, ranging from 0.3 to 0.6). To 
attain such flows it was necessary to place a suitable calming pipe before 
the grid array (6). 

The aerosol, consisting of liquid spherical particles of dioctyl phthalate, 
was formed by the LaMer-Sinclair generator (7) and had the usual degree 


Fre. 1. The grid array. Diameter of pipe—5.00 cm., diameter of wire—0.0050 cm.; 
inter-wire distance—0.0270 cm.; spacing between grids—0.550 cem.; number of 
grids—76. 


of homogeneity. The radii of its particles were 0.5 to 0.9 micron and their 
concentration? varied independently between 10‘ and 10° particles/cm’. 
Under these conditions coagulation, sedimentation and evaporation could 
be ignored. It was observed to contain a small but significant fraction of 
electrically charged particles (approximately 3% or 12%, depending on the 
bubbler used within the generator). These were removed almost completely 
by means of a small electrostatic precipitator. 

As the experimental work demanded a strict control of the properties of 
the aerosol, special attention was paid to the operation of the generator 
itself. Within experimental limits, the radius of the particles [measured in a 
convection-free ultramicroscope cell with a standard error of the mean of 
0.007 » and by the “owl” (8)] was found to increase linearly with the 
temperature of the boiler (Fig. 2) and to decrease slightly with the tempera- 
ture of the reheater (Fig. 3). Likewise, as the temperature of the ionizer—a 
small quartz tube containing fused sodium chloride and heated by a small 
electric oven—was lowered, the particle size increased almost exponentially 


3 Measured in a transmissiometer (optical path—50,5 cm.; wavelength of light— 
546 mu) built by Mr. 8S. Weinstock. 
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Fic. 2. Radius of aerosol vs. temperature of boiler. 

Temperature of ionizer—333°C.; temperature of reheater—130°C. (room tem- 
perature—26.5°C.). 

Rate of flow through boiler—0.95 1./min., rate of flow through ionizer—0.39 1./min. 

(For dimensions of boiler, reheater and condensing chimney, see Chem. Revs. 
44, 262 (1949), Fig. 11; ionizer—a small quartz tube containing fused NaCl and heated 
by a small electric oven). 
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Fra. 3. Radius of aerosol vs. temperature of reheater. 

Temperature of boiler—111.8°C.; temperature of ionizer—343°C.; room tem- 
perature—23.5°C. 

Rate of flow through boiler—0.96 1./min.; rate of flow through ionizer—0.39 1./min. 

(For dimensions of boiler, reheater, and condensing chimney, see Chem. Revs. 44, 
262 (1949), Fig. 11; ionizer—a small quartz tube containing fused NaCl and heated 
by a small electric oven). 
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Fic. 4. Radius of aerosol vs. temperature of ionizer. 

Temperature of boiler—97.4°C.; temperature of reheater—132°C. (room tempera- 
ture—26°C.). 

Rate of flow through boiler—0.96 1./min.; rate of flow through ionizer—0.39 1./min. 

(For dimensions of boiler, reheater, and condensing chimney, see Chem. Revs. 44, 
262 (1949), Fig. 11; ionizer—a small quartz tube containing fused NaCl and heated by 
a small electric oven). 
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Fia. 5. Penetration vs. average linear velocities. Diameter of wire—0.0050 cm.; 
inter-wire distance—0.0270 cm.; spacing between grids--0.550 cm. 


562 ISAIAH GALLILY 


up to a certain limit (Fig. 4). Beyond this limit, the generator produced 
smaller and more heterogeneous aerosols which might have been formed by 
self-nucleation. 

Aerosol of 2 constant radius was passed through the filter at variable 
velocities of flow, the latter being controlled by a sideline introduced be- 
fore the calming pipe. The filter efficiency, measured by the ratio between 
the effluent and influent concentration of the particles, was determined 
by a light-scattering method. This determination was carried out by a 
modified Zimm apparatus (9)* fitted as a “right angle penetrometer.” 
Some extra stops were added to the optical parts of the instrument to 
measure the filtration near the geometric axis of the pipe, where ho- 
mogeneity of flow could be assumed. 

Within limits determined mainly by the filter’s low efficiency, the 
penetration (defined as the fraction of aerosol passing through the filter) 
decreased steadily with increasing particle radius and with increasing 
velocity of flow (Fig. 5). According to the present theories of filtration (1, 4) 
it appears that such a dependence between penetration and velocity of flow 
is due mainly to the inertial mechanism. The values of the parameter 
¥(/p = 0.14-0.20), which owing to the present “idealized” experimental 
conditions could be calculated exactly, were found to be smaller than the 
critical value given by Langmuir and others (10). 

Detailed experimental results containing data of filtration by grids of 
different inter-wire distance and a comparison with theories will be pub- 
lished later. 

The author expresses his thanks to Mr. G. Volinez for his helpful sug- 
gestions and criticism during this work. 
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ABSTRACT 


By measurements from microphotographs of small hanging drops, it was found 
that liquid droplets polarized in a homogeneous electric field become prolate sphe- 
roids if elongations are small or moderate. Experimental values for the eccentricities 
were compared with values predicted by a previous theoretical treatment, which 
was verified within a few per cent. The conclusions are discussed with reference to 
earlier work, and a brief review of the related literature is presented. 


INTRODUCTION 


Interest arose in the problem of the deformation of liquid droplets by 
an external homogeneous field when considering the possible use of the 
Kerr electrooptic effect for studies of molecular association and nucleation 
phenomena in gases. The nucleation embryos postulated in the quasi- 
equilibrium theory (1) may be treated approximately as small droplets. 

Recently an equation was obtained by O’Konski and Thacher (2) for 
the static deformation of droplets to spheroids, by minimizing the free 
energy of the spheroid in the external field, where the shape-dependent 
part of the energy was taken as the sum of an electrical and a surface 
term. Eccentricities were computed for various cases of interest. From 
these it may be concluded that the deformations are too small to serve 
as a practical basis for electrooptic studies of the small (ca. 107 cm. ra- 
dius) nucleation embryos. However, the deformation may be of interest 
in devising new techniques (2) for the study of dynamic surface tension, 
droplet diameters, size distributions in liquid sprays, or for radar mete- 
orology. 

In the previous work, the treatment was not verified experimentally. 
Certain questions might be raised regarding (a) the limits imposed by the 
assumption of a spheroidal shape, (6) the constancy of the surface tension 


1 This research was supported by the Office of Naval Research. 
2 John Simon Guggenheim Memorial Foundation Fellow, University of Leiden, 
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in the external field, and (c) the possible effect of surface charges. Since 
irregular shapes are difficult to treat analytically, question (a) seems of a 
nature best to explore experimentally. From a consideration of the magni- 
tude of molecular orientation energies and interaction energies, it would 
appear that the assumption of a constant surface tension (6) would be 
adequate for most experimental studies. Regarding (c), it appears evident 
that since the equation obtained by Stratton (3) and employed in the 
previous work (2) gives the total electrostatic energy of the system, the 
mutual and external effects of surface charges are implicitly included when 
the dielectric constants are properly chosen (e.g., infinity for a conducting 
droplet in an insulating medium with static field). Nevertheless, it might 
be well to subject (b) and (c) to experimental test under conditions such 
that the shape is essentially spheroidal. 

There were a number of early studies where deformations of liquid 
surfaces by intense electric fields were observed.’ Zeleny (4) studied elec- 
trical discharges between liquid ‘points’ and metal planes. He observed 
that under certain conditions the liquid surface became cone-shaped, and 
a fine liquid thread which broke into a spray of very fine droplets issued 
from the point. Droplet deformation by a homogeneous electric field was 
considered as a possible source of error by Millikan in his oil drop experi- 
ments (5), but it was shown to be negligible in that work. In fact no indi- 
cation was given that such an effect (in a homogeneous field) was definitely 
known to exist at that time. Wilson and Taylor (6) studied the deforma- 
tion of hemispherical soap bubbles placed on one of two plane parallel 
electrodes, recognizing the difficulties of studying liquid drops. In increas- 
ing fields, the bubbles first became distorted into hemi-spheroids, then 
took on less simple forms, becoming cones with a spray from the point, 
like the drops observed by Zeleny. They presented a general equation for 
for the equilibrium condition for each surface element of a charged bubble, 
and concluded that “for bubbles of given shape but different sizes, the 
surface density of charge at corresponding points is proportional to the 
field but independent of the linear dimensions. The field therefore which 
produces a given shape should be proportional to (y/linear dimensions)?, 
and in particular the field which causes the bubble. ..to become just 
unstable should be inversely proportional to the square root of the radius 
of the undistorted bubble.’’ They found experimentally that the product 
of the bursting field intensity and the square root of radius, for bubbles 
of various radii, was a constant, and calculated that the largest stable 
water drop, at the breakdown field in air, 30,000 v./cm., would be 0.02 
em. radius. Nolan (7) in observing the breaking of falling water drops by 
horizontal electrical fields, confirmed the field-radius relationship. Macky 


‘The authors are happy to acknowledge that the earlier studies were called to 
our attention by V. G. Drozin. See ref. 10. 
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(8) repeated some of the experiments on breaking soap bubbles and falling 
water drops with vertical fields, observing glow and spark discharges at 
the higher fields, and also confirmed the field-radius relation. 

Elongations along the electric field were observed, but a quantitative 
comparison of this work with the previous calculations (2) could not be 
made for two reasons. In the first place, eccentricities were not reported, 
and second, the falling drops were partially distorted by vibrations and 
hydrodynamic forces. 

Recently, interest in the discharge and spray phenomena was revived 
by Vonnegut and Neubauer (9) and by Drozin (10) in connection with 
attempts to produce uniform droplets by electrical techniques. In this 
connection it should be noted that Zeleny (4) (1917) observed that ‘‘the 
brush spray appears colored both by transmitted light and by reflected 
light...” and thus reported the first indications of higher order Tyndall 
spectra. Furthermore he observed that there were two groups of droplets, 
each with some spread of sizes, and inferred that the smaller ones originated 
from the ‘‘satellites.”’ The satellites are small droplets produced between 
the main drops and should be well known from the classic works of Ray- 
leigh on the break-up of liquid jets. It would appear that they must be 
separated from the main droplets if a relatively homogeneous aerosol is 
to be obtained. 

In this research a method was devised for making direct measurements 
of the electrical deformation on droplets large enough to give a readily 
observable effect; eccentricities were measured under conditions where the 
theoretical treatment was applicable, and results are compared with the 
predictions of the theory. It was found that the complicated theoretical 
equation, [7], of reference (2), can be approximated very closely by a 
simple relation for a considerable range of eccentricities. The same rela- 
tion is shown to be in accord with the earlier experimental observations 
regarding the fields required to rupture droplets and bubbles. 


EXPERIMENTAL METHODS 


Because the experimentally realizable eccentricities for aerosol droplets 
are very small (2), we chose to do experiments on small hanging drops. 

Water droplets were suspended from special tips on vertically aligned 
fine glass rods. They were illuminated from the side, and photographed 
from the bottom. By means of this technique, a circular outline of the 
droplet was obtained in the absence of electric field, in spite of small 
elongations produced by the gravitational field. The gravitational distor- 
tion was visible in a side view of larger droplets as a slight (ca. 1%) vertical 
asymmetry. In strong electric field relatively large horizontal elongations 


were obtained. 
The electric fields were produced between parallel metal plates, 5 < 10 
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cm. wide, and separated 0.81 cm. Applied potentials up to 10,000 v. d.c., 
from a conventional power supply, were measured with a calibrated vac- 
uum tube voltmeter and high-voltage probe. 

The droplets were illuminated by means of a ribbon filament tungsten 
source and a two-piece double convex achromatic lens system, essentially 
identical to the auxiliary condensing lens system of a previously described 
instrument (11), and so disposed that the droplet and source were at 
conjugate foci. 

Photographs were taken on Super Panchro Press type B sheet film with 
a Leitz Makam Microscope Camera, mounted in one section of a binocular 
microscope. The camera was calibrated by photographing the scale of an 
optical micrometer. A prismatic beam-splitter and eye-piece facilitated 
visual observations of the droplets. To reduce heating of the droplets, the 
light source was turned on just before each photographic exposure. Care 
was exercised to minimize vibrations. As a possible procedure, flash pho- 
tography was considered but was rejected because of the possibility of 
misleading results due to vibrational deformations of the droplets. 

Best results were obtained with a thin (ca. 0.02 mm.) suspending rod, 
which flared at the tip to about 0.05 mm. diameter. This arrangement 
minimized the tendency of the drop to climb up the rod. Water was applied 
in small increments by means of a very fine hypodermic-type applicator 
fabricated from glass. 

Charges on the droplets caused difficulties because of the resulting force 
on the droplet along the applied field. Attempts to discharge the droplets 
by means of an electrical ground lead were unsuccessful, but difficulties 
were considerably reduced by covering all but the tip of the supporting 
rod with ceresin wax. 


EXPERIMENTAL RESULTS 


Photographs were taken of electrically polarized droplets in a number 
of separate experiments. Five more experiments were performed on sus- 
pended droplets in zero electric field, to aid in evaluating the precision of 
the measurements, and to determine whether distortions might occur from 
extraneous causes. The droplet contained a dilute suspension of BaSOu,, 
freshly precipitated from equivalent quantities of NasSO. and BaCl, solu- 
tions, to improve sharpness of outline in the photographs. 

In each case with an applied field, the droplets became elongated along 
the direction of the field, as predicted by the theory (2). Maximum and 
minimum dimensions of the droplets, 2a and 2b, were determined from 
measurements on the film and the optical calibration mentioned above. 
Magnifications were in the range 22 to 32>. 

Table I summarizes the experimental results in order of decreasing 
eccentricities. Only results obtained at eccentricities in excess of 0.4 are 
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TABLE I 
Summary of Experimental Results 


Eccentricities 
r(mm.) 


Measured Calculated 
0.943 0.633 0.634 
0.928 0.626 0.628 
0.902 0.622 0.616 
0.905 0.618 0.618 
0.911 0.595 0.620 
0.813 0.595 0.578 
0.834 0.580 0.587 
0.598 0.490 0.484 
0.463 0.459 0.425 


Applied field was 11.4 kv./cem. First five experiments with 0.025 M, last four with 
0.01 M, BaSO, suspension. 


given, as lower eccentricities were difficult to measure accurately. Column 
one contains values of r computed from the relation r = a’? 67/3, Thus r 
is the radius of the water droplet, which, when distorted into an ellipsoid 
of revolution, has a semimajor axis a and a semiminor axis b. Column two 
contains eccentricities, e, obtained from the experimentally determined 
values of a and b by the usual relation for an ellipsoid of revolution. Col- 
umn three contains theoretical values of e. Since the droplets were very 
good conductors and the medium was an insulator, « was set equal to 
infinity in equation [7’] of reference 2. Then, for water droplets in saturated 
vapor at 25°C., 

ESS) BC 


€1 


rE = 1795 B’C. [1] 
The notation is that employed previously (2). Values of r#” were com- 
puted for e = 0.45, 0.55, 0.60, and 0.65, to extend Table I of the cited 
reference. (A misprint was found in Eq. [16] of reference (2), in which the 
denominator should be the same as the numerator of the expression below 
the line in [7].) These, together with corresponding values of B and C are 
given in Table II. It was found that the theoretical values of e are remark- 
ably linear in rH? in the region 0.45 < e¢ < 0.70, and can be obtained from 


the relation 


e = 0.003 rE? + 0.228, [2| 
TABLHE II 
Computed Eccentricities of Polarized Water Droplets, 25°C. 
e rE3(cgs) B C 
0.45 75.6 0.3037 0.457 
0.55 108.3 0.2866 0.734 
0.60 125.4 0.2760 0.917 


0.65 142.1 0.2635 1.140 
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with an average deviation under 0.2% for the six available pomts. This — 
greatly facilitated getting the values of ¢ for column three of Table L ; 
The shape of the vertical projection of one of the most elongated drops 
(e > 0.6) was compared to that of an accurately constructed ellipse of the ~ 
same axes by superposing the film negstive upon the figure. The two co-— 
incded st all pomts within the experimental accuracy, eae 
i% of r. 
Dscussioy 
Because the shape of the vertical projection was elliptical, it appears _ 
that polarized droplets will closely approximate prolate spheroids in the 
absence of forces other than surface tension and eleciric polarizaizon by a — 
homogeneous field. Thus, the treatment given earlier can not be sgnifi- 
cantly in error because of the shape assumption if e < 0.6. ‘ 
The electric field Stuszition around the drop was aliered somewhat by — 
the gravilationsl elongation at the sa—pcuiing tap) aul the peeaenl a 
suspending rod. Because the insulated suspending rod was of very small 
diameter, and was oriented normal to the field, its effect om the elecinec — 
field was considered negligible. The slight deformation of the upper part — 
of the suspended droplet was first of all relatively remote from the elements — 
@ surface giving rise to the vertically projected outline, so the field effects — 
produced were second-order. Secondly, the volume of quid of the distorted 
section, im excess of that of a perfect sphere (or spheroid) having the same 
outime, was a very small fraction of the total. Thus no corrections were 
The probable error m measurmg 6/a from = given photograph was 
around 1%, as determined from a number of measurements by separate 
observers. The product rE* was experimentally determined within 3%. 
Other possble sources of error were the effect of vibrations, 
of the droplet, and surface tension variations. The surface tensions of the — 
suspensions were compared with pure water by means of the capillary rise 
method, and were found to be the same within a few per cent. As all meas- 
urements were made on the same photograph, evaporation did not miro-— 
duce errors. The major difficulties were believed to arise from vibrations, 
and were of a magnitude which could account for the deviations between © 
experiment and theory. Thus, for applications of the sort suggested pre-— 
viously (2) the theory may be considered adequate. 
The accuracy was not enough to permit an experimental choice between 
the values infinity and 80 for the effective dielectric constant of water in 
the computation of the distortion of water droplets in air. It appears that 
at least an order of magnitude greater accuracy would be required for 
experimental support of our choice. If such accuracy could be achieved, 
corrections would probably become necessary for the electric field dis- 
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turbances mentioned above, and considered unimportant compared to the 
experimental errors in this study. 

It should be noted that the essentially linear dependence of rE? upon é 
discussed above is a property of the function B?C since y and « are con- 
stants in Kq. [1]. Hence, Eq. [2] can be transformed into 


BC = 0.1856 e — 0.0414; 0.45 < e < 0.70 [3] 


which may be employed in Eq. [1] for any conducting liquid sphere with 
interfacial tension y in an insulating medium characterized by «. 

From Eq. [1] we may deduce the relation between the radius and the 
homogeneous field intensity required to rupture a conducting droplet or 
bubble which was experimentally observed by several workers (4, 6, 7, 8) 
and deduced from dimensional arguments (6). We make use of the observa- 
tion that instability commences (12) in mechanically deformed cylindrical 
soap bubbles when the length of the bubble becomes larger than its circum- 
ference, independent of its size. Then instability will be expected to occur 
when BC of Kq. [1], the function characterizing the elongation (or the 
corresponding function for any shapes other than perfectly spheroidal) 
becomes equal to a certain value. Then 

2 
Aa (4) 
Vf 
where H, is the critical field intensity for rupture, and K is a constant. 
This is in accord with the experimental observations. 

With all but the best insulators, the relaxation times for redistribution 
of charges (3) in an applied external field will be short compared to the 
usual time of exposure to the field in which the observation is made. There- 
fore Eq. [1] should nearly always be applicable for moderate eccentricities 
and Eq. [4] for rupture, for liquid droplets in an unionized gas. 

It appears evident that the complex dynamic phenomena involved in 
the production of sprays (4-10) cannot be explained by any static theoreti- 
cal treatments. In particular the effect of conductivity of the dispersed 
liquid on the spray mechanism has not been explained by the authors 
concerned with this phenomenon. This is probably connected with the 
redistribution of charges which must occur as each droplet is broken from 
the liquid. 
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ABSTRACT 


Based on the writer’s experimental work an analysis is given of the effect of mono- 
layers on the rate of evaporation of small drops in air. In contrast to the effect on 
large plane surfaces of water evaporating in air, monolayers may reduce the rate 
of evaporation of water drops by factors of the order 104. 


The persistence of small drops in the atmosphere is remarkable, notably 
in phenomena such as haze and smog. It is the purpose of this paper to 
show that the rate of evaporation of such drops is enormously reduced by 
‘Gngoluble’’? monolayers, whereas such layers may reduce the rate of 
evaporation of a plane surface of water by much smaller factors. 

Early work on the rate of evaporation of drops of diameter circa 1 mm. 
in an absorbent enclosure of diameter a few centimeters, in the presence 
of air at atmospheric pressure, showed that the process was controlled by 
diffusion (1), since, in the steady state 


eS nee Aar’ Dm dC /dr, [1] 


where M is the drop mass evaporating in time ¢, 7 is a radius of a geo- 
metrical surface taken with the drop as center, D is the diffusion coeffi- 
cient, m2 the molecular mass of the vapor molecules, and C the number of 
molecules of vapor per cubic centimeter. On integrating with respect to r 


we obtain 


— —— = 4raDmCo, [2] 


where the enclosure is taken with a radius large compared with that of the 
drop, and where C» is the concentration of vapor molecule per cubic centi- 
meter in the saturated vapor and a is the drop radius. The absorbent is 
supposed for simplicity to exert no back pressure. 

Equation [2] breaks down when the air pressure 7 is sufficiently reduced, 
‘cts an infinite rate when p — 0. Likewise the rate of evapora- 
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tion per unit area is DmCo/a, which tends wrongly to infinity when a > 0 
at constant p. 

The writer and co-workers have shown (2) that these difficulties can be 
overcome by supposing that droplet evaporation proceeds by a two-stage 
process. As a crude but sufficiently accurate approximation the drop is 
imagined to be surrounded by a virtually vacuous space, of thickness of the 
order of the mean free path of the diffusing molecules. Across this space of 
thickness A vapor passes by Knudsen flow or molecular distillation. A shell 
of vapor is built up round the drop, of concentration C;, which is less than 
Cy, and this value C; is set by the balancing of supply of vapor from the 
drop and loss by diffusion. Similar arguments were used by Langmuir (3) 
to describe the loss of heat from a wire, which was imagined to be sur- 
rounded by a cylindrical vacuous space. Using Chapman and Cowling’s 
formula for diffusion (4) the value of A is given by 


i 8D mM 1/2 
a-p(@) 


where vy = (KT'/2rmz)'/?, and m; and m2 are the masses of the molecules of 
air (the mean) and of the diffusing vapor, respectively. 
This gives 
Ara*va(Co ae C1) a 4r(a + A)DC, [3] 


where a is the so-called evaporation or condensation coefficient. 
Hence 


C, A Co ava 
(a+ A)D + ava’ 
and 
_ dM _ 4raDCo me 
dt ~ Dara) + afta + A)” a 


Unlike Kq. [2] Eq. [4] gives the correct extrapolation to the limits p — 0 
for —dM/dt, and a — 0 for (—dM/dt)/(4ra?). Equation [4] has been 
abundantly tested experimentally in drops of diameter of the order 1 mm. 
in air and other gases at a range of pressures (2). 

The study of micro-drops is more difficult, and the rate of evaporation 
can be found only by observing the rate of fall as was done by Whytlaw- 
Gray and Patterson (5) and by Monchick and Reiss (6). The latter authors 
have verified that an equation similar to [4] applied to the rate of evapora- 
tion of drops of diameter of order 10-‘ cm. in air. These authors use the 
formulation of Chapman and Cowling (4) and give a result which is equiva- 
lent to 
aM bls 4raDCy me 

dt» T ‘DO ef) avails 5} 
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It may be of interest at this point to comment on apparent differences 
between formulas [4] and [5]. Equation [5] is not intended (unlike [4]) to 
cover the whole range of pressure down to p — 0, and it gives as it stands 
an incorrect limit, owing to the deliberate omission of higher terms of a 
series. Monchick and Reiss compare their result with the writer’s by putting 
A = 0 in Eq. [4]. Since Eq. [4] may be rewritten 


dM 4ma*vaCy me 


~ at ~ TF @ralla + DD i 
This gives 
2 
Scio a mae Eaiare sail 
Now 
asa ay Sipps 
sav \mMme z 
Hence 
dM Ara vay Me 8] 


~ dt ~ 1+ (@a/D) — of --- 


which agrees with [5] if @ = 14. According to the writer’s views the value 
of 8 depends on the masses of diffusing molecules, but it is clear that for 
large vapor molecules there is less difference between Eqs. [4] and [5] 
than might be supposed. It should be emphasized that the work of Mon- 
chick and Reiss covers a smaller range than that of the writer, and over this 
range the two formulations are more alike than might be supposed. 

It is reasonable therefore to suppose that Eq. [4], or possibly some 
variant which differs only slightly, applies to droplets of diameter 10~* cm. 
evaporating in air at atmospheric pressure; for much smaller droplets 
Eq. [4] is probably nearly correct. It may be noticed that, per unit area, 


‘dt )4ra2—s zD/(va) + a?/(a + A) 


and when 


1 
a—0, (- aM) 1 room, 


the vacuum rate, even although the pressure is atmospheric. 

It is now possible to understand the effect of insoluble monolayers on the 
rate of evaporation of droplets, since the rate for small enough drops is 
mainly controlled by the evaporation coefficient rather than by the diffu- 
sion coefficient. For a drop of water of radius 10-4 cm. evaporating in an 
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absorbent enclosure of the type discussed above, taking D = 0.249 cm.? 
sec.-! at 1 atmosphere, a = 0.034 (7), —dM/dt according to Eq. [4] is 
9.29 X 10- g. sec.—?. Now suppose a is reduced to 10-* by the presence of 
a virtually insoluble monolayer. According to Eq. [4] —dM/dt becomes 
3.19 X 107g. sec.—. The lifetime of a drop, if A is neglected, is given by 


2 
ap ap 
at avC'y Mz i 2Dm2Co’ ue 
where p is the density, as may readily be proved by integration; it is the 
sum of the lifetimes for a drop evaporating in a vacuum and by simple 
diffusion according to Eq. [2]. If a = 10~* the lifetime of a drop of water 
evaporating in an enclosure of the type discussed is approximately 400 
sec. In practice this could be increased by the presence of neighboring 
drops, by the fact that the drop evaporates in air which is not completely 
dry, and by the presence of soluble impurities, which will concentrate as 
the drop evaporates. 

This large reduction in rate may be contrasted with the much smaller 
effect of a film on a plane water surface. The application of the theory 
above to plane surfaces was discussed by the writer (8) and gives results 
similar to those deduced by Langmuir and Schaefer (9) and by Archer and 
LaMer (10). These latter authors have shown that much of the previous 
work on surface planes is erroneous, but support the result that very large 
reductions in a may occur owing to such films. 

The writer’s treatment for drops may be applied to plane surfaces as 
follows. Suppose we have a plane surface of water with an absorbent a 
distance A above the surface and suppose for simplicity that there is no 
back pressure from the absorbent; this simplification is not critical and is 
for convenience of formulation only. As before there will be a concentra- 
tion of vapor molecules C4, at a distance A above the liquid surface, given by 


DC, 


Co — = : 
va( 0 Ci) b Pray {11] 
The rate of evaporation per centimeter is therefore 
dM om DCi me 
iy bee U2} 
wal DC Ms 
D/wa) + 6 = A)’ i 
In the presence of a film we may use accented symbols and write 
( > a i DCym, fad 
dt D/(ve’) + (b — A)’ 
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Hence 


(—dM/dt)'’ (—dM/dt) — 
which is Langmuir and Schaefer’s result if 1/a is neglected in comparison 
with 1/a’. 

As an example, if b = 10 cm., A is negligible in atmospheric air and if 
a = 0.034, —dM/dt = 4.30 X 10~ g. sec.! cm.-”. In the presence of a 
film witha = 10-§(—dM/dt)’ = 1.59 X 1077 g. sec. cem.~’, a muchsmaller 
reduction than with the drop. 


al’ a 


ee 
mM, Co ms Cy (2 a) 15] 
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ABSTRACT 


The law that the incubation period of precipitation, for a certain electrolyte, is 
proportional to some (negative) power of the ionic product (1-4) is found to be 
valid for AgCl, AgeCrO.u, CaC204, CaF 2, and KC1l0O,, but not for BaSO.. 

The equation of Johnson and O’Rourke (8) for the rate of precipitation 


ae = Kaa cs a)?, 
dt 


where a = the degree of reaction, t = time, and K, q, and p are constants which 
can be determined experimentally (¢q = 24; p = 3 or 4), is integrated and found to 
be valid for precipitation of BaSO., SrSO.u, AgzCrO.u, and CaC2O,, whereas it is only 
partly valid for CaF». 

The agreement seems to indicate that the precipitation rate is controlled by a 
chemical reaction in the surface of the growing crystals rather than by diffusion. 


Tue INcUBATION PERIOD 


The incubation period ¢ may be defined as the period of time between 
the preparation of the supersaturated solution and the occurrence of visible 
turbidity or the first measurable decrease in concentration of the solute. 
These two definitions are often equivalent within a factor of 2 or less (1, 2). 

With only one known clear exception (BaSOx), t and the concentration 
of the supersaturated solution c are related by 


t= const. Xe. [1a] 
or 
log t = —n log c + a constant. [1b] 


If the reactants are not present in equivalent concentrations c must be 
replaced by the ionic product or the (geometric) mean ionic concentration 
é (1-4). With CaF., for example, é is equal to ([Cat+][F-?)"*. 

Figure 1 shows that the incubation time ¢ for calcium oxalate does not 
depend on the ratio of the ionic concentration for a constant value of @ = 
([Ca**][C,0.—])"”. Even better constancy was found by van Hook (2) 
with AgeCrO,. 


In Fig. 2 log t has been plotted against log @ for different substances all 
of which show a straight-line relationship. 
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[Ca**)/[C,0,~ 
O.! | 10 


logt (sec) 


log((ca**]/[c,0, ~}) 


Fig. 1. t is the period of time elapsed between the mixing of two equally large 
volumes (50 or 70 ml.) of solutions of calcium acetate and ammonium oxalate, and 
the occurrence of visible turbidity. Both solutions contained 0.5 mole NaCl per liter. 
Just after mixing [Cat+][C.0,-~] = 2.5 X 10-5, ie., ¢ = 5.0 X 10° for all points. 
Temperature 22°C. 


iogt (sec) 


=4 —3 —2 rl fe) 
loge (moles/litre) 


Fig. 2. Log (incubation period) against log (geometric mean concentration). 

Silver chloride: Kobayashi (38). 

Silver chromate: 1. See Table 2 in Van Hook (2); 2, see Fig..1 in Van Hook (2); 
3. see Fig. 2 in Christiansen and Nielsen (4); 6. see Table p. 344, Fischer (5). 

Calcium fluoride: Ca(OH)2 + 2HF; all data by Tovborg Jensen (1); 1. Table 6, 
(ionie strength 0.1 with NaCl; 18°C.); 2. Table 2, (no salt added, 18°C.); 3. Table 7, 
(no salt, added, 23°C.) 

Calcium oxalate: Nielsen, unpublished data; 2. calcium acetate + ammonium 
oxalate, 23°C., no salt added; 4. same reactants but with 0.5 mole NaCl per liter, 
23°C.; &. CaClz + Na2C20,, 0.5 mole NaCl per liter, 6°C. 

Potassium perchlorate: Nielsen, unpublished data; KCl + NaClO,., 23°C.; 1. no 
salt added; 6. ionic strength 2.0 by means of NaCl. 
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Kobayashi (3) measured the incubation period for silver chloride follow- 
ing the potential of a silver electrode. Unfortunately he investigated only a 
rather small range of concentrations, with the result that the linear de- 
pendency is not as clear as in most of the other cases. In Eqs. [la] and 
[1b] n = 5 for AgCl. 

Van Hook (2) measured ¢ for AgeCrO, potentiometrically and Christiansen 
and Nielsen (4) measured it visually. Their data agree very closely with 
each other and with a straight line;n = 4.7. Fischer (5) measured the time 
for the appearance of a Tyndall beam and found incubation times only 
0.010 to 0.014 times as long as were found by van Hook and by Christian- 
sen and Nielsen at the same concentrations. Tovborg Jensen’s (1) data 
on CaF, show dependence on ionic strength (negative salt effect) and on 
temperature (¢ is shorter at higher temperatures); n = 9. With calcium 
oxalate the present author found a negative salt effect but could not 
detect any temperature dependence; n = 3.3. 


logt (sec) 


loge (moles/litre) 
Fia. 3. Log (incubation period) against log (geometric mean concentration) for 
BaSO, at room temperature. 
1. Von Weimarn (6) Ba(CNS)2 + MnS0O,; 2. La Mer and Dine 
Bip. gar (7) Ba(NO3). + 
H2SO,; 3. Johnson and O’Rourke (8), BaCl, + Na2SOx; 4. Nielsen, aaputleten 
data, BaCl, + H.S0O,; 5. Christiansen and Nielsen (4), BaCle + H-SO,; 6. Nielsen 
unpublished data, BaCl, + K.SO,; 7. Fischer (5), BaCle + Na.SOx,. 
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A few measurements on potassium perchlorate by the present author 
also satisfy the Eqs. [la] and [1b], with n = 2.6. 

BaSO,, however, makes an exception to the rule, as is seen from Fig. 3, 
where data from several authors, covering a wide concentration range, are 
plotted in one diagram. The points approach a single curve, but not a 
single straight line. 


Tuer Kinetics oF PRECIPITATION 


The rate of precipitation or crystallization is sometimes controlled by 
diffusion, and this mechanism has also been tried on sparingly soluble 
electrolyte precipitates, e.g., by Odén and Werner (9) and Turnbull (10). 
In order to get agreement with experiment both Odén and Werner, and 
Turnbull were led to assume, however, that the growth of very small 
barium sulfate particles is limited not by diffusion but by a process oc- 
curring at the crystal-solution interface. In this way Turnbull gets agree- 
ment for small particles, i.e., when the degree of reaction a < 0.04, but 
not when a > 0.05, even though his experiments show reproducibility 
and simple behavior up to a = 0.40 (Fig. 4, loc. cit.). 


Tur Dirrusion THEORY 


All investigations of the final precipitate agree in finding it rather 
monodisperse (1, 10, 11). Therefore it is usually assumed (as we shall 
assume) that the number of crystals does not change during the process 
and that the total surface of the precipitate is proportional to a?!*, 1.e., 7°, 
where the radius is proportional to the cube root of the volume of pre- 
cipitated matter. 

If the rate of precipitation is controlled by diffusion of matter through 
the solution, the rate of change of the degree of reaction da/dé must be 
proportional to a7/3(de/dx) z=, where x is the distance from the center of a 
particle. From the diffusion laws follows (see, e.g., Smoluchowski (12), 


p. 140) 
(2) = “—*, [2] 


and since r is proportional to a’? 


da 1/3 
— = =) [3] 
ie an ) 

If diffusion is the only rate-determining phenomenon ¢, equals the solu- 
bility s. We then have 


a = kal!*(@(1 — a) — 8); [4] 
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or 
d(a’!*) 
dt 


This is equation (8) of LaMer and Dinegar’s paper (13) although with 
different symbols. 

We now introduce the new variable a’ = aco/(co — s,,), where s,, is the 
solubility of large crystals; a’ runs from 0 to 1 during the experiment and 
if we approximate s = s,, we obtain 


da’ 
dt 


= k’(q@(1 — a) — 3). [5] 


= ka ?(1 — a’) [6] 


Mie FY RR Pa (7] 


In Fig. 4 the “diffusion integral’? Zp, from numerical calculation, is 
shown together with some other kinetic integrals to be introduced below. 

If a precipitation process is diffusion-controlled (and the approximation 
s = s,, holds) we should get a straight line if we plot Jp corresponding to 
experimentally determined values of a’ against the time. 

In Fig. 5, the data by LaMer and Dinegar (13) on the precipitation of 
sulfur (through addition of water to solutions in ethanol or acetone) give 
almost straight lines when plotted in this way. The small deviations are 


SS 


ee AE 
PERMB Ee ist 


eas 
ee Ceae 


Fig. 4. Some kinetic integrals obtained through numerical integration. For 
definitions, see Eqs. [7], [9], and [10]. 
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fe) 5 10 15 
TIME (MINUTE S$) 


Fig. 5. Ip as a function of time at round values of a (the degree of reaction). 
1. BaSOu,, see Fig. 3 in Turnbull (10); 2. sulfur from acetone through addition of 
water; and 8. from ethanol, La Mer and Dinegar (13); 4. BaSOu, see Fig. 8 in Turn- 
bull (10). In 1. times are divided by 5. 


due to s ¥ s, for small particles as accounted for by the more elaborate 
calculations in the original paper. 

Figure 5 also shows that the data of Turnbull (10) on BaSO, do not agree 
with the diffusion theory. The curve displays a very strong S-shape, with 
the point of inflection in the neighborhood of Ip = 9.3, corresponding to 
a’ = 0.1, as seen from Fig. 4. 


Tur SuRFACE REACTION THEORY 


Johnson and O’Rourke (8) assumed the precipitation to be controlled 
by a reaction in the surface proportional to the area and to some power of 
the activity, or concentration, of the reacting ions, 


: = ke’*(1 — a)?. (8) 


The integrals 
kt = i a? *®1 — a)? da = I>. [9] 


0 


are shown in Fig. 4 for p = 3 and 4. 
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O 20 40 60 80 
TIME (MINUTES) 


Fic. 6. Barium sulfate. 1, See Fig. 3 in Turnbull (10); 2. and 3. see Fig. 1 in Turn- 
bull (10). In 2. times are multiplied by 2. 4. See Fig. 8 in Turnbull (10). Experiments 
1 and 4 are the same as experiments / and 4 in Fig. 5. 


If the solubility s is not negligible 7, must be replaced by 


f'em[a oro (2) ease 


A 


in order to give da/dt = 0 for ¢ = s. The deviation from J p 18 not great, 
as can be seen from Fig. 4 (the factor 26/27 makes the integrals coincide, 
for a = 0). In the following we shall not use Leica: 

In Fig. 6 Turnbull’s data on BaSO, show a straight-line dependence 
on time with J, but not with J;. [In Figs. 6-9 all data are plotted for round 
values of a both as J; and I, (I, having larger values than J; for the same 
value of a).] The equally numbered curves 1 and 4 in Fig. 5 and Fig. 6 are 
derived from the same two experiments. 

We see that for J < 1.5(a < 0.10) the integrals J; and I, are practically 
identical. The integrals obey a common limiting law 


a = const. x (a0) [11] 


—_— ae 
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10 


(e) 20 40 60 80 
TIME (MINUTES) 


Fic. 7. Strontium sulfate, Odén (11). The numbering follows that of the origi- 


nal paper. In 1 times are multiplied by 4. 


which may be derived from the differential equation. When 1 —-a=! 


“ =~ ke” {114} 
t & const. X / a”? da = const. X a” (115) 


This limiting law was derived by Turnbull and verified by him through 
very exact measurements on BaSO,. 

Figures 7 and 8 show that strontium sulfate and calcium oxalate also 
agree with Johnson and O’Rourke’s theory, although it cannot be said 
from these experiments whether J, or Is is best, but any of these is much 
better than J, or Is. 

All the concentration measurements used for Figs. 6-8 were made by 
conductometry. In Fig. 9 is used van Hook’s (2) measurement of the 
potential of a silver electrode during precipitation of silver chromate. 
The use of I, gives straight lines which, however, do not go through the 
origin. This may be due to an ‘“Gneubation period effect” or to a depend- 
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O 20 40 60 80 
TIME (MINUTES) 


Fic. 8. Calcium oxalate, Nielsen, unpublished data. Equivalent amounts of 
CaCl, and NagC.0, in equal volumes of water were placed for some time in a thermo- 
stated water bath at 25.00°C. and mixed. The solutions were before mixing: 1.: 
0.0015 M, 2.: 0.0010 M; and 3.: 0.0008 M. The electric conductivity was measured 
with a Kohlrausch bridge plus an amplifier. The readings were converted into terms 
of the degree of reaction by means of a calibration curve found through direct meas- 
urements on solutions containing CaCl, NazC.0., and NaCl. 


ence of solubility on the magnitude of the particles, as with sulfur (Fig. 5). 
Perhaps these two explanations are virtually identical. 

The surface reaction theory was first mentioned by Christiansen and 
Nielsen (14) (in a slightly more complicated form), but it was only tried 
on Tovborg Jensen’s (1) data on calcium fluoride, and this substance 
agrees with Eq. (9) only in the later part of the experiment (see Fig. 3, 
loc. cit.). The deviations are rather complicated and invite further experi- 
ments. 


CHRISTIANSEN’S THEORY OF HOMOGENEOUS NUCLEATION 


Recently Christiansen (15) showed that Eq. (9) can also be derived 
from quite different assumptions, among which the more essential ones 
may be stated thus: 


a. The nuclei are formed homogeneously during the reaction. 
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cr 
(0) 
or 


(a) 20 40 60 80 
TIME (MINUTES) 


Fra. 9. Silver chromate, see Fig. 1 in van Hook (2). 1. Ho = 1.25 X 10; 2. Ho = 
0.50 X 10719; (Hy =[Agt]? [CrOz ] at zero time). 


b. The growth of crystals is quasi-stationary from the nuclei almost to 
the largest crystals, containing n ions per crystal. 
c. The distribution curve is given by 


x; = const. Xt °(1 — a)”, [12] 


where x; is the concentration of crystals containing 7 ions, o, », and y 
are characteristic parameters, v being the value of 7 for the nucleus and y 
the order of the single stages of the growth reaction (corresponds rather 
closely to p in Johnson and O’Rourke’s theory). From these and some 
auxiliary assumptions Christiansen found 


a = const. X a%(1 — a)”, [13] 


woere.gi= 1/ 2o— 0); pa= pl 1/2) — »)) ¥/ (2 — a). Inserting 
q = % (from experiment, as mentioned previously) we find ¢ = 4 and 
with p = 4 (as found with BaSO,) we obtain » — (v — y) X % = Yep + 
Wy = 4;v = 12 — 2y. Christiansen assumed »v = 8, which gives y = 2. 

In order to make experiments decide between the two theories we may 
extract from Christiansen’s theory the magnitude of a crystal as a function 
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of a. The theory assumes that the distribution is given by (c) up to the 
largest crystals containing m ions. Now it follows from Christiansen’s 


Kq. III that 


n + 1 = const. X a = const. X a7(1 — a)” ”. {14] 
(la); 
With gq = %, p = 4, v = 8 we obtain 
ncn+1 = const. X a8 — a). [15] 


But according to Johnson and O’Rourke’s theory, where the number of 
crystals is constant, 


n = const. X a. [16] 


It should therefore be possible to decide between these fundamentally 
different theories through measuring the size of the largest particles 
during the precipitation. 

Experiments of this kind are planned in this laboratory. 
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ABSTRACT 


The existing theories of viscosity and sedimentation (diffusion) of the coiled 
macromolecule with hydrodynamic interaction yield formulas which, in the case of 
a Gaussian coil, can be easily applied to the determination of the diameter Ft of the 
coil and of the hydrodynamic radius a, of the monomer unit, from either [y] or [s] 
or D, together with the derivative with respect to M. This method fails in all the 
cases where the actual macromolecular coil is not Gaussian. By combining the data 
for viscosity and sedimentation (diffusion), however, the coil diameter and the 
hydrodynamic radius can be determined regardless of the actual relation between & 
and the degree of polymerization. The method is illustrated for polymethylmetha- 
crylate in acetone and on polyacrylonitrile in dimethylformamide. 


I. INTRODUCTION 


All the advanced theories of Brinkman (1), Debye-Bueche (2), Kirk- 
wood-Riseman (3), Kuhn-Kuhn (4), and Peterlin (5), taking into con- 
sideration the hydrodynamic interaction of the chain elements in flow, 
assume a constant hydrodynamic radius a, of the monomer unit and the 


linear relation 
R? = Pr [1] 


for the mean square of the end-to-end distance FR of the coiled macromole- 
cule. The apparent length J is proportional to the actual length Jo of the 
monomer unit, and P is the degree of polymerization. In the validity range 
of Eq. [1] the theories can be applied to the determination of the dimensions 
of a macromolecule from viscosity or sedimentation (diffusion) alone. Two 
parameters, the values of R and of an, have to be determined. Therefore 
not only [1], or [s], or D values of one sample but in addition the slope of a 
log-log plot (1-3) or of a M/{n], or a [s], or a MD vs. M"” plot (4, 5) must 


be known. 
The agreement between the molecular parameters thus derived from 


1Qn leave from Jozef Stefan Institute, Ljubljana, Yugoslavia. This work was 
supported by the Office of Ordnance Research in connection with a research project 


of W. Heller. 
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[n| and [s] or D is rather poor. This is due partly to the limitations inherent 
in a hydrodynamic treatment of macromolecules, and mainly to the use of 
the simple Gaussian statistics (Eq. [1]), which do not apply to actual 
macromolecules owing to the excluded volume effect and to long-range 
interactions of the chain elements. Consideration of the latter leads to a 
more general law for R. In a first approximation (6) one has 


R’ =fPQ+ AP’ + .---). [2] 


Equation [2] including also higher terms, could in principle, be introduced 
into the basic formulation of the hydrodynamic problem. Although this 
would be difficult to do, practically all the theories mentioned above could 
be modified accordingly, thus yielding equations of probably more general 
significance for [n], [s], and D for the determining of molecular dimensions. 

A simple alternate possibility exists, however. In the existing theories the 
assumption of any particular relationship between R and P can be elimi- 
nated. By combining data on viscosity and sedimentation (diffusion) the 
diameter R and the hydrodynamic radius a; can be determined for any 
sample without ambiguity, regardless of the actual relation between R 
and P. This is easiest to do in the very general theory of Brinkman and 
Debye-Bueche, which supposes a uniform distribution of the P chain 
elements in a sphere of diameter d, = 1.054 R. 

The situation is less simple with the other theories (3-5), which use the 
necklace model. Here the knowledge of all distances between any two chain 
elements is required for the calculation of intrinsic viscosity and sedimenta- 
tion (diffusion) constant. An essential simplification, mainly supported by 
the practical identity of the fundamental relationship resulting from the 
Debye-Bueche, Kirkwood-Riseman, and Peterlin treatments, consists of 
replacing the actual coil by a model with the true R, assuming that all the 
distances between any two chain elements obey the same Eq. [1] with the 
effective length 1 = R/P', i.e., the actual difference between Eqs. [1] 
and [2] amounts to a matter of / becoming a function of P. This assumption 
allows the application of the necklace theories to the determination of the 


molecular dimensions also in the case of a nonlinear relationship between 
R? and P. 


Il. THrory 


a. Brinkman and Debye-Bueche replace the coiled linear macromolecule 
by a sphere of diameter d, uniformly filled with chain elements each of 
them having the same hydrodynamic resistance coefficient A = 67aj. 
They obtain, after rigorously solving the pertinent hydrodynamical 
problem, 

acres aNd,’ 2 aNd,’ 


6M 1/[1 — 3(coth a/c) + 3/o7] + 10/c? a 6M &(c) [3] 
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M it M 1 

[s] = So ee = ( ‘ — ———— 

1—idp 3nd,N \1 — (tgho/c) a 3rd,N y(c) i} 

Nee it ae 

ne 

Brads Vie)” . 

with d, = 1.054 R and the parameter 
ds 


GC = 


2h Rs 
The permeability k is given by Debye-Bueche as 


d;° 
i 36Pa, mA 
and by Brinkman as 
ees ds” 1/2 
k= int 1+ 67 — 6[z(9 — 3x)] ‘ [8] 


with « = Pa,’/d,’. Since in most cases, as will be seen later, the parameter 
x is very small, both definitions practically coincide, yielding 


1/2 
guile a (eee) (9] 


For the determination of the molecular parameters d,; and a, any of the 
Kgs. [3], [4], [5], together with its logarithmic derivative 


dlogin]_  _ _, , ldlog¢ ( ae 
i AE alioe 2d log o/ dlog M Ge) 
ha =e oa ee Ain 
Ti a Dall Failogen) \aaeelnael ba 
Glog Dp: [10¢} 
d log M B 


has to be used. As long as F is proportional to P'? in the considered range 
of DP, one has d log d;/d log M = 1% and Kags. [10a, 6, c] reduce to the 
well-known expressions 


1 lo do 
any. = a [lla] 
i! lo dy 
ae ie alk, ee ey 116 
Baye 2° 4yde nd 


From the tabulated functions aiy2 and B12 the parameter o can be derived 
from the measured slope in the log-log plot of the experimental values 
[n], [s], or D. But this easy method is not applicable in the case of deviations 
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Fig. 1. The functions F:(c), F2(c), and Fxr(x) defined in Eqs. [12], [13], and [24], 
respectively. 


from Kq. [1] and hence yields incorrect values for R in most actual macro- 
molecular systems. 


By combining Eq. [4] with Eq. [5] or [6], however, the parameter ¢ is 
obtained without any additional assumption 


2\ 1/8 1/3 
ar (OEY Gan = 3e(5) 28 cna 


go) 
= 8 /y = 1/Fy(0). 


The function F, is plotted in Fig. 1 and tabulated in Table I. For small 
values of o the series expansion 


I 


[12] 


2 SCNO. a aie 260° ) 
F,(c) ( - Je ¢ a : [12a] 
TABLE I 
o Fi(c) Fo(c) 
0 0.000 0.000 
1 0.386 0.102 
2, 0.627 0.228 
3 0.712 0.292 
4 0.738 0.319 
§ 0.746 0.328 
8 0.746 0.336 
10 0.744 0.337 


8 


0.739 0.333 
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may give an idea of the behavior at the origin. The function reaches very 
early a nearly constant value 0.75, which limits its usefulness for deter- 
mining o. For both systems to which Eq. [12] was applied, the values are 
located within the useful range. 

A little better is the combination of the exponents a and 6 to 


16M = Gaye) 
2—@a 6 — (¢/&)(d®/dc) 


This ratio becomes constant at a slightly higher value of o as F, (Fig. 1, 
Table I), but the difference is hardly significant and is very likely more than 
outweighed by the usually lower precision in the determination of the 
exponents a and B. 

The diameter of the coil and the hydrodynamic radius of the monomer 
follow in the usual way from Eqs. [8], [4], [5], and [9]. 


d _ (lnm) _ M al gee 
* aN o(c) — 3xN[sl¥(c) — 32nDyY(c)’ 


a, = ds ee [15] 


= F(c). [13] 


[14] 


b. As a result of experiments on large-scale wire models Kuhn and Kuhn 
give the following formulas for the intrinsic viscosity 


Emme 0 G22 logan dh) (Phy) Ay? 


and for the intrinsic sedimentation constant or the diffusion constant, 
respectively, 


n"MD_ Mo [ _ sc) 4 ear i 
[s] = NET = Nh | 0.03 + 0.16 logio (4 + 0. 36 an 5 [ ] 


The numerical constants are those given by Kuhn, Kuhn, and Silberberg 
(7). The length A, of the ‘“‘preferential” segment is determined by the two 


definitions 


L = Ph = ZAm R? = ZA, [18] 
ieldin 
ferin’ An = is [19a] 
and % . 
(=) SeT ers aa [190] 


According to the definition given by Hq. [18] the segments are completely 
independent in their orientation. The hydrodynamic parameter d;, repre- 
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sents the diameter of the cylindrical segment. According to Eqs. [16] and 
[17], this parameter influences the viscosity and sedimentation values but 
slightly. 

Setting 


2 ™m A 
x = a and US logio ee {20] 


one obtains 


273 
O43NP US 2 _ pi? — ~+ 23y — 16 


—_______ 
M 
i on] (21) 
Nh s] 1 
=C=—-+ 1. — 0.22, 

ce eee 

and, by eliminating y, the cubic equation in 2, 
a — (1.954C — 1.17)Bx + 0.954B = 0. [22] 


Only the largest positive root has a physical meaning yielding d, < An 
One has 


Raa. Ae eee [23] 
Ain Cob 22 ye 
Sh Sa leer 1.176 


c. The formulas of Kirkwood-Riseman (KR) can also be easily trans- 
formed to a form suitable for the determination of molecular dimensions 
by introducing R = IP"? and ¢ = 6xan, © = NP? = (6/r)?a,P/R. 
One obtains, in complete analogy to Eq. [12], 


6N ue [s] 1/3 1 8 1 1 
Br (=) = (yl)* = 0.62i0F “G =)= a, 
(OX). oo wero" (8+ t)=pen. OH 
The function Fxp(x) is very similar to F\(c), as may be seen from Fig. 1, 
where it is plotted over o = 2.48621, but its maximum value 0.55 is ap- 
preciably smaller than 0.75 in Fi(c). Since the experimental data for poly- 
methylmethacrylate and polyacrylonitrile yield larger values, viz., 0.625- 
0.731 and 0.610 + 0.630, it seems that the numerical factors in the KR 
formulas are not able to reproduce the simultaneous measurements of in- 
trinsic viscosity and sedimentation or diffusion. Also, the recently reported 
corrections in the numerical coefficients of the viscosity expression replacing 
the factor 3.60 at complete solvent immobilization 
R® 
raat 3O0EX 10 
[n] x i 
by 3.36 (9), 2.90, and 2.84 (10) can not remove this discrepancy, since they 
increase the maximum of FxR(x) only from 0.55 to 0.56, 0.59, and 0.60, 
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respectively. Very likely it is due to the oversimplification in the model 
and especially to the assumption that the r.m.s. distances between any 
two elements j and k can be represented as 1| 7 — k |!? with 1 = R/ pz 
1.e., as in a Gaussian coil, although the relation between R and P is defi- 
nitely non-Gaussian (see Section IV). 


In the evaluation of the experimental data by the method proposed 
above a careful choice is necessary for the molecular weight which enters 
Kas. [12], [14], [22]. The most appropriate average is that derived from the 
ratio of the sedimentation and diffusion constants, since it very closely 
agrees with the viscosity average, Ms,p ~ M,. 

There is of course no discrepancy between the molecular parameters 
derived from viscosity or from sedimentation or diffusion, since only one 
value is obtained. The diameter d, or R has only to be compared with the 
light-scattering value. The latter is calculated on the basis of a necklace 
model with all distances between any two chain elements being given by 
Kq. [1]. The deviations from the Gaussian character of the coil actually 
influence the value for the diameter since they change the relationship 
between FR and the gyration radius (8). 

On the other side according to the basic assumptions in the theoretical 
treatment, the hydrodynamic radii a, and d, ought to be constant in the 
same polymer series (the same solvent, constant temperature), 


III. EvaLuatTion oF EXPERIMENTAL DATA 


There are very few simultaneous measurements of viscosity and sedi- 
mentation or diffusion for a wide range of molecular weights to which the 
proposed method can be applied. Possibly, the most reliable data are those 
for polymethylmethacrylate (PMMA) in acetone, for which Schulz and 
collaborators (11) have determined a consistent set of data on diffusion, 
sedimentation, viscosity, and light scattering and with M ranging from 
some thousand to several million. There is further a new investigation of 
Bisschops (12) on the viscosity sedimentation and diffusion of poly- 
acrylonitrile (PAN) solutions in dimethyl formamide in a much narrower 
range of molecular weights (M = 47,000—270,000). In both cases the 
molecular weight was determined from the ratio of the sedimentation and 
diffusion constants. j 

Since the experimental data inevitably show a random scattering which 
in many cases may overshadow the actual trend in the calculated molecular 
parameters, every set of data was first smoothed out by the simplest pos- 
sible interpolation which still reproduces the main features of the respective 
molecular weight dependence. In the case of PMMA the wide range of M 


requires a quadratic interpolation 
log [7] = A+ BlogM+C (log M)?, [25] 
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| 
os loot 
log [s}1)0.10 


2.0L 


na logM——> 
Me BO = 60 70 


Fic. 2. The experimental data of [7] (++) and [s]/n (X) for PMMA in acetone and 
the quadratic interpolation curve used in the determination of the molecular param- 
eters. 


whereas in the case of PAN a linear equation is sufficient. The amount of 
the small corrections can be estimated from Fig. 2, where the original data 
and the smoothed-out interpolation curves were plotted for PMMA. 
For PAN the agreement is still better. The resulting molecular parameters 
d;, dn, Rx, and A,,/d, are listed in Table II for PMMA and in Table IV 
for PAN. : 

a. Polymethylmethacrylate in Acetone. The diameter of the sphere d, and 
the r.m.s. end-to-end distance Rx of the Kuhn’s (K) model agree rather 
well in the whole range of M. The situation is the same in the case of PAN 
and indicates a less good agreement in the diameters Rgpx (diameter 
based on Brinkman, Debye-Bueche model) and Rx (Tables III and V). 
The increase of A,, with M indicates a deviation of the molecule from the 
random coil model without long-range interaction. A correct measure of 


TABLE II 
PMMA 
M Fi(c) o o(c) d,(A.) ap,(A.) Am(A.) logto Am/dh 
14.02 * 10° 0.620 1.94 O381a) 5220 0.016 78.7 54.4 
6.50 0.632 2.02 0.331 3210 0.022 64.7 38.7 
3.02 0.644 2.12 0.360 1970 0.033 53.8 26.5 
1.40 0.657 222 0.387 1220 0.048 45.0 18.1 
0.65 0.670 2.36 0.426 760 0.071 38.2 1222 
0.30 0.685 2,02 0.467 476 0.111 32.6 8.0 
0.14 0.699 2.73 0.526 298 0.176 28.1 er 
0.065 0.714 3.04 0.612 186 0.294 Payee 2.9 
0.030 0.731 3.59 0.755 115 0.546 20.6 1.9 
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TABLE III 
PMMA 
Mu R)(A.) Rope (As) RAL) Ry (A.) RA) baReyy/ Pe 
(A.) 
14.02 108 4880 4950 5274 4000 3435 15.65 
6.50 2840 3040 3251 2503 2148 11.92 
3.02 1705 1870 2023 1581 1352 10.80 
1.40 1056 1160 1261 1006 859 9.80 
0.65 674 721 791 645 551 8.94 
0.30 444 452 498 417 356 8.25 
0.14 283 315 272 232 7.56 
0.065 176 191 178 152 6.90 
0.030 109 125 118 101 6.29 


these deviations is the increase of the parameter 1 = R/P!? from 6.29 A. 
to 15.65 A., indicating that the molecule at M = 14 X 10° is 15.65/6.29 = 
2.5 times more stretched than it ought to be in the case of simple Gaussian 
statistics on the basis of the dimensions at M = 30,000. Of course, also 
the difference between 1 = 6.29 A. and lh = 2.52 A., mostly due to the 
steric and energetic limitations of the free rotation of the monomer units, 
includes some effect of long-range interaction and of the volume require- 
ment of the chain elements. 

Rather surprising is the decrease of o with increasing /. The coil seems 
to be more permeable the larger the molecule. That is only partly due to the 
widening of the coil where R increases more than proportionally to P!? 
(Table III). The main cause, however, is the appreciable decrease of the 
fractional resistance of the chain element, the hydrodynamic radius 
decreasing from 0.546 A. to 0.01 A. in contradiction to the basic assump- 
tions of the hampered flow theory. At first sight this fact is hard to under- 
stand and will be discussed in more detail a little later. 

The hydrodynamic parameter d;, of Kuhn’s theory, however, has quite 
unrealistic values, strongly indicating that the resistance of the coil to 
translational and rotational motion cannot depend on the frictional re- 
sistance of the monomer in the manner suggested by Eqs. [16] and [17], 
since, e.g., it yields for the hydrodynamic radius of the segment at M = 
14 X 10° the value d, = 10-” A. 

Table III and Fig. 3 show the r.m.s. end-to-end distances of the molecules 
calculated according to the single viscosity theories. The smoothed-out 
light scattering diameter? (11) is denoted by Ry; Rapp and Rx are the 
values derived from the parameters in Table I; R, is the value which 


2The non-Gaussian character of the PMMA chain yields a correction of 10% in 
the diameter of the coil. The light scattering value Ry calculated on the assumption 
of a Gaussian coil has to be increased by this amount (8). By this correction the 
experimental points in Fig. 3 are just shifted on the Rgp» curve. All the estimates in 
the text of this paper were corrected according to this shift. (Note added in proof). 
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55 6.0 65 7.0 


Fria. 3. The coil diameter of PMMA in acetone. Experimental data from light 
scattering (+) and the interpolation curve (Ry, —) used in Table III. The upper 
curves are determined from [n] and [s] according to Kuhn (Rx) and Brinkman, Debye- 
Bueche (Rpps), the lower ones from [n] only, according to Flory (Rr) and Debye- 
Bueche (R,). 


Schulz and collaborators (11) obtained from the intrinsic viscosity by 
applying the Debye-Bueche Eas. [4] and [lla]. Ry is calculated accord- 
ing to Flory with ¢; = 2.1 K 10%. The agreement between Ry, and Rgpz 
is so good—the differences being less than 5%—that it substantially sup- 
ports the model used in the hydrodynamic treatment by Brinkman and 
Debye-Bueche, but it is impossible, owing to the variation of a, and to the 
deviation of the actual R? from the simple linear law (Eq. [1]), to derive 
the molecular dimensions from viscosity or sedimentation alone. The 
resulting values of FR, actually deviate so much from those obtained from 
light-scattering data that they cannot be used for any precise characteriza- 
tion of the macromolecular system. 

In the special case of PMMA in acetone the validity of Flory’s relation 
[n] = or*/M can be very roughly understood by the fact that in that 
range of molecular weights where the available light-scattering data for the 
diameter are still reliable enough, i.e., from M = 0.5 X 10° upwards, the 
function ¢(¢) changes rather slowly from 0.426 at M = 0.65 X 10® to 
0.311 at M = 14 X 10°, hence yielding for the Flory constant the value 

3 
dry = se) = 157 + 1.15 X 103, 
which actually changes so little that it can be considered as a constant in 
most practical applications where very precise values of R are not required. 

The diameters Rx are always larger than the light-scattering values and 
also larger than Rgps, the differences between Rx and R, being possibly as 
large as 10 %. The deviations between Rgps, Rr, Rx, Ry are not very serious, 
however, and do not prevent, by any means, the use of the respective 
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TABLE IV 
PAN 
M Fi(c) o o(c) d,(A.) an(A.) Am(A.)  logioAm/dn 
270 X 103 0.630 2.01 0.329 1096 0.092 88.4 9.84 
155 0.624 1.96 0.317 760 0.111 79.8 8.11 
113 0.620 1.94 0.311 633 0.124 77.0 ao 
48 0.610 1.88 0.296 385 0.167 63.8 5.36 
TABLE V 
PAN 
M Rgpp(A-) R,(A.) R,(A.) 1 = Rgpp/P'/2 
270 X 103 992 1065 817 13.90 
155 721 767 585 13.33 
113 601 651 480 13:01 
48 365 381 291 12712 


methods for the determination of the coil diameter. The more elaborate 
method using Eq. [12], requiring the simultaneous measurement of [7] 
and of [s] or D, seems to yield the most accurate R. 

b. Polyacrylonitrile in Dimethyl Formamide. In the much smaller range 
of M the effects of the single parameters and especially the deviations from 
the simple linear relations are much less apparent and hence general con- 
clusions concerning the behavior of the molecular parameters as a function 
of M cannot be obtained. Nevertheless there seem to be differences between 
the PMMA and PAN. For instance, o increases slightly with M. This 
may be due to the lesser deviation from the simple Gaussian statistics, 
as indicated by the fact that in the same range of P the parameter / in- 
creases only by a factor 1.15 as compared with 1.25 in the case of PMMA. 
It is most likely a consequence of a substantially smaller hydrodynamic 
interaction as shown in Egs. [30] and [81] resulting from a smaller ratio 
a,/l. The practical constancy of ¢(c) yields an equally constant value for 
dy = 1.09/1.21 X 10%. A comparison of R with Ry which could be deter- 
mined rather precisely for all but the lowest fraction, would be very 
desirable. In the case of PAN also, the hydrodynamic radius a; decreases 
rather quickly with M and the Kuhn radius d;, assumes physically im- 
possible values of 10~* to 107 A., supporting the view that the radius d), 
is not included in a proper fashion in Eqs. [16] and [17]. 


IV. Tue Hypropynamic Rapius 


The large decrease of a;, with M—it varies from 0.546 A. at M = 30,000 
to 0.016 A. at M = 14 X 10%—is incompatible with the basic assumption 
of the Brinkman, Debye-Bueche theory requiring a constant dp. A better 
understanding of the situation, however, can be achieved by the necklace 
theory. The latter also attributes to every monomer unit a constant do, 
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which is then substantially reduced by the hydrodynamic influence of the 
neighbors moving on the average in the same direction. According to 
Burgers (13), who introduced Oseen’s approximation in the hydrodynamic 
treatment of flow through the coiled macromolecule, the increase in the 
velocity of a sphere (1) by the presence of a second sphere (2) at a distance 
r can be represented by the series expansion 

BY ( + cos’ 0 He Jal — 3 cos 2 ae (26] 


ete was r 3r 


where 6 is the angle between r and v. For a random distribution of the 
chain elements, moving all in the same direction, the second term vanishes. 
The influence of the remaining first term results according to the simplified 
treatment of Peterlin (5a) in a reduction of the apparent fractional re- 
sistance 
il 1 1 
~=—(l+ym<SL—>A, 

ao j#k 


Vjh 


[27] 


I 


1 ve RR 
1 (a+ Ba 5+ )=A+Be+ nie 


where the coefficients depend on the special conditions of the flow (uniform 
flow in sedimentation, flow with a constant gradient in viscosity). The 
coefficient A may become negative at high values of the ratio ao/l when the 
mutual influence of the monomer unit is large. For a non-Gaussian dis- 
tribution of the chain elements requiring Eq. [2] for R, the average of the 
double sum of all the inverse distances in the coil is no longer proportional 
to P/R. In a first approximation a linear correction term has to be added, 


yielding 
1 iP. PY: 
an a R . @) [28] 


instead of Eq. [27]. By introducing it in the expressions (5a) for [ny] and [s] 


one obtains ; 
_ aN R P PY 
[nl - WE /lat+eet o(F) | 


and [29] 
Gree 


— i ake , PY 
ae aca ei a ek 


The experimental data obtained on PMMA can be reproduced as follows: 


[n] = NE /|-37 x 10° + 234? + 293 x 10-0 (PY) 
6 M, 5 R Oe R 


P 2, 
Is) = | -37 10% + 3.555, + 2.50 X 10" ey 


[30] 
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with & = Ryps. The coefficient of P/R is smaller in [n] than in [s] according 
to the theoretical requirement. The negative value of the first term is not 
surprising since it includes zero order terms of the sum average. Such 
negative values were already found in the calculation of [n] and [s] for short- 
chain models (5b) resulting in negative intercepts with the abscissa in a 
plot of M/|n] and [s] against M'/?. In the case of PAN with the low range of 
M the experiments can be reproduced by a linear approximation 


2 
[n] = aN Ht, is (147 xX 108 + 2.44 i 


[31] 


M 8 P 
fel Gan (158 xX 10° + 4.24 ahh 
The positive value of A is in agreement with a larger / and a smaller a, 
as compared with PMMA (in the same range of P). Both representations 
Eq. [30] and [31] support the assumption of a constant hydrodynamic ra- 
dius of the monomer unit, all apparent deviations as shown in Tables III 
and V, being due to hydrodynamic interaction of the segments in the non- “ 
Gaussian coil. This interaction cannot be represented, however, by writing 
the a, from Tables III and V in the form of Eq. [28], since the BDB treat- 
ment, by virtue of o, already partly considers the reduction of the resistiv- 
ity of the single monomer unit by its neighbors. Of course, Eqs. [30] and 
[31] do not yield numerical values for a as long as the function A(a/l) is 
not explicitly known. They are, therefore, only good interpolation formulas 
reflecting the actual mechanism involved in the hydrodynamics of the 
problem. 

The quadratic function of P/R in Eq. [30] and the difference between the 
coefficients A and A’ in Eqs. [30] and [31] yield also an understanding of the 
rather surprising fact that the Kirkwood-Riseman formulas cannot be 
easily adapted to the case of a non-Gaussian coil. The actual r.m.s. dis- 
tances between any two segments 7 and k of the coiled macromolecule 
cannot be satisfactorily expressed as 1|j — k |! with 1 = R/P'? when / 
varies with P, i.e., in the case of a non-Gaussian coil. T herefore Eq. [24] 
does not represent the correct result of the necklace model in that case 
and has to be replaced by a more complicated function. 


V. CoNcLUSIONS 


When simultaneous values of the intrinsic viscosity and the sedimenta- 
tion or diffusion constant for the same polymer system are available, the 
coil diameter and the hydrodynamic radius of the monomer unit can, in 
principle, be calculated unambiguously on the basis of any of the existing 
theories or the hindered flow through a coiled macromolecule, but as far as 
can be concluded from considering two systems, the Brinkman, Debye- 
Bueche formalism seems to be most suitable and yields the best results. 
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In the case of PMMA in acetone and of PAN in dimethyl formamide 
both parameters were calculated according to the Brinkman, Debye- 
Bueche, and the Kuhn-Kuhn theories. The coil diameters do not differ 
appreciably when determined by the first or the second theory, but in the 
first case the agreement with the light-scattering data is much better. 
On the other hand, the diameters obtained from the viscosity or sedimenta- 
tion alone are incorrect mainly owing to the decrease of the apparent radius 
a, and to the more than proportional increase of R with P!/?. The success of 
Flory’s empirical formula for the intrinsic viscosity seems to be based on 
the fact that in the whole range of molecular weights where the diameter 
can be independently determined by light scattering, the changes in the 
coil permeability and hence in the proportionality factor—which measures 
the deviation of the viscosity from the Einstein value 2.5—are very small, 
much smaller than could be expected on the basis of the model assuming a 
constant a, and a strict proportionality between R and P}/?. 

Very suprisingly the permeability of the coil increases with M at least in 
the case of PMMA. That is due not so much to the widening of the coil 
as to the sharp decrease of the apparent hydrodynamical radius of the 
monomer unit. The explanation for such a behavior which deviates from 
the basic assumptions in the treatment of the hindered flow through a coil, 
can be understood by considering the more realistic necklace model. The 
average sum over all reciprocal distances cannot be expressed by a single 
term proportional to the ratio P/F in the entire range of molecular weights, 
especially when the deviations from the simple square-root law for R 
become more and more pronounced. By considering the pertinent correc- 
tion terms a quadratic interpolation formula for [n] and [s] can be estab- 
lished, reflecting the actual hydrodynamic behavior of the coil and also 
the influence of an increasing departure of its dimensions from that of the 
random coil model. 
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Book Reviews 


Introduction to Thermodynamics of Irreversible Processes. By I. PRIGOGINE, 
D.Sc., Professor University of Brussels. Charles C Thomas, Springfield, Illinois, 1955. 
114 pp. Price $4.75. 

At long last we have a situation where we can complain about too little advertis- 
ing from a publisher. One would think that when Prigogine writes a book on the 
thermodynamics of irreversible processes in English it would be a significant event 
for American chemists, but few know of its existence. 

This small book (102 pages text) is an excellent introduction to a new branch of 
science and could serve as a textbook for a course in advanced thermodynamics. The 
book is self-contained in the sense that the first chapters give an outline of equi- 
librium thermodynamics. Although this introduction is hardly sufficient for a reader 
not acquainted with classical thermodynamics, it certainly facilitates the reading 
of the book. 

The introduction, which takes the first third of the book, is followed by a chapter 
on general theorems including Onsager’s reciprocity relations. The chapter is ar- 
ranged in what now seems to be the canonical way, that is, so that the reader may 
skip the derivation of the reciprocity relations and take them as a new axiom if he is 
interested only in the applications. The reviewer has the pious hope that most read- 
ers will swallow the bitter pill and work through this part of the chapter. In this way 
we could possibly avoid in this new subject the confusion about the fundamental 
axioms which has been so common in textbooks on classical thermodynamics. 

The last two chapters give a few important examples of applications of the thermo- 
dynamics of irreversible processes and deal with Prigogine’s theorem on minimum 
entropy production in stationary states. Nonlinear problems are treated in an ap- 
pendix which also serves as a survey of recent Belgian literature on the subject. 

The book is written with constant reference to chemical reactions and has in this 
way an exceptional position among the textbooks on the subject. Its only disad- 
vantage—if any—is one it shares with many books and papers on thermodynamics: 
the huge number of queer symbols. Although the present author partly makes up 
for this with an extensive list of symbols, it is still very much to be hoped that an 
agreement regarding use of symbols will be reached in the near future. 

Tuor A. Bax, Columbia University, New York 


Methoden der Organischen Chemie (Houben-Weyl). 4th edition. Edited by 
EKucen Miuuer, Tibingen. Vol. VII, Part 1 xxii + 556: Vol. VIII: xviii + 775 
Georg Thieme Verlag, Stuttgart, 1955. Prices $19.55 and $23.30. 

The 4th edition of the famous ‘“Houben-Weyl,” under the editorship of Eugen 
Miller, has now reached considerable proportions. Four extremely handsome vol- 
umes (II, 1958; IV-2, 1955; VII-1, 1954; VIII, 1952) are available as of this writing; 
of these, Vol. VII, Part 1, covering aldehydes, and Vol. VIII, covering peroxides 
and carboxylic acids, will be considered here. 

Certainly, all the characteristic elements of the massive, monumental tradition 
of German book making in the organic field are present in this series. In Vol. Vil, 
Part 1, one finds, for example, a lucid and compact survey of the Oxo-reaction (over 
90 references), along with detailed directions for the preparation of Adkin’s zinc- 
nickel-barium-copper chromite “kontakt”’ (or even of carbon monoxide!). One finds 


602 


BOOK REVIEWS 603 


a 50-reference review of the Darzens-Erlenmeyer jr.-Claisen (sic) glycidic ester 
synthesis, and one can obtain also detailed directions for the preparation of 1-formy]- 
2,3-dihydroxypropane (‘‘glycerolaldehyde’’) published as recently as 1953 (E. 
Waldmann and V. Pray, Monatsh. Chem. 84, 543 (1953)). In keeping with the original 
character of the series, theoretical aspects of the reactions treated are not included. 

It will come as no surprise to users of previous editions of Houben-Wey] to find, for 
example, that a review on aldehyde syntheses by means of Friedel-Crafts type of 
reactions is leisurely—although economically—initiated with a reference to L. 
Gattermann and J. A. Koch, Ber. 30, 1622 (1897) and carried through references 
such as A. Robertson and W. B. Whalley, J. Chem. Soc., p. 8855 (1951). Yet an up- 
to-date treatment of aldehyde synthesis via free radicals (references include A. 
Mondon, Angew. Chem. 64, 224 (1952)) also finds its proper place. Whether the prom- 
ised 18 volumes will suffice, at the present pace, appears doubtful. 

Volume VIII contains a 75-page monograph on peroxides by R. Criegee, which 
undoubtedly will become one of the outstanding features of the series. An excellent 
chapter on derivatives of carbonic acids gathers material of considerable value (the 
interesting class of carbodiimides are treated, although new methods based on them 
are post-publication developments). The generally unfamiliar chemistry of dimeric 
and trimeric carbonic acid derivatives is carefully and exhaustively treated. The 
rest of the volume is devoted to nitriles, isonitriles, and carboxylic acids and their 
derivatives. 

This reviewer considers superfluous a recommendation of this series, in particular 
to those who have not benefited from a thorough preparative training. The physical 
aspects of these books can hardly be improved, although the very excellence of the 
paper has resulted in heavy volumes. It can be added that in reviewing this work it 
becomes apparent that the epoch of cumulative topical surveys as part of a single 
comprehensive treatise on organic chemistry, is, of necessity, coming to an end. This 
may, in fact, be one of the last, and certainly one of the most distinguished, repre- 
sentatives of the period. 

Fausto Ramirez, Columbia University, New York 


Statistical Mechanics of Irreversible Change. Ricuarp T. Cox. The Johns 
Hopkins Press, Baltimore, 1955. 126 pp. and index. Price $5.00. 

This monograph treats the subject of irreversible processes from a somewhat 
different viewpoint than in the phenomenological approach adopted in the recent 
monographs of Prigogine, of de Groot, and of Denbigh. 

A thermodynamic system has microscopic detail in structure, and its processes 
have microscopic detail in time. Kinetic theory attempts both kinds of detail, whereas 
the phenomenological theory ignores the molecular structure of matter and the 
molecular processes which underlie microscopic change. 

Cox’s treatment is intermediate; it employs the statistical methods of Willard 
Gibbs, which ignores the molecular details of structure but recognizes the micro- 
scopic details of change. 

This is a clearly written book. The author makes a good case for his viewpoint. 


All students of energetics interested in new developments should study it. 
Victor K. La Mur, Columbia University, New York 


Lehrbuch der organischen Chemie. By P. Karrur. Georg Thieme, Stuttgart, 
1954, 12th ed. 949 pp. Price $14.20. 

Since 1927, twelve German and four English editions of this text have appeared, 
attesting to its popularity. The present German edition offers some points of de- 
parture from previous ones. For example, a few attempts have been made to intro- 
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duce some needed theoretical background (cf. page 48 on the subject of double bonds). 
Some of the general references have been brought up to date, although few beyond 
1951 were noted. In the excellent treatment of alcoholic fermentation, the latest 
reference to enzymes is to 1951. The treatment of alcoholic fermentation, inciden- 
tally, serves well to illustrate the mixed objective of Professor Karrer in this work. 
On the one hand, the book is a “‘text,’’ inasmuch as each subject is approached 
from its most elementary level. On the other hand, the author is not unduly bound 
by pedagogical developments, as is apparent from the discussion of the details of 
fermentation at an early point (page 90) in the book. 

A number of topics which in this reviewer’s opinion were accorded a somewhat 
cursory and perhaps obsolete treatment in the fourth English edition do not appear 
to have been re-examined. For example: (1) the section on aliphatic hydrocarbons, 
(2) reduction of aromatic nuclei, (3) dynamic stereochemistry and conformational 
analysis. Some new material appears on certain subjects (cf. ketenes, page 183; 
tropolones, page 718; morphine, page 865). 

The extent of the coverage is, of course, one of the outstanding features of this 
text. This reviewer was surprised to find no mention of the application of pyridinium 
salts in synthesis, for example, of a-keto acids and aldehydes. The index is very well 
prepared and the book is beautifully printed and bound. It is of interest to note 
that the numerous tables at the end (‘‘estimate of world sugar,” “classification of 
odors,’ etc.) have been deleted, although Professor Karrer’s personal selection of 
the outstanding dates of organic chemistry remains a characteristic feature of this 
Treatise. 

As a well-organized description of the facts of organic chemistry which have been 
uncovered in a definite span in the development of the science, this book has few 
peers. 

Fausto Ramirez, Columbia University, New York 
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